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Abstract
While there are several studies describing inequality in the distribution of urban
vegetation, this study looks at another angle concerning the differences in the
temporal distribution of urban street native and exotic trees in New York City from
1995 to 2015. Both diversity and overall health were tested as dependent variables
with socioeconomic and physical predictors to understand the geographical
arrangements. Therefore, this study attempts to answer the research question: Is
there inequity in the distribution of tree population diversity or health, affected by
socioeconomic and physical factors, when nested within origin? To examine the
geographic variability of such associations across space, global and local spatial
statistical techniques were employed, starting with an exploratory regression,
followed by an ordinary least square regression and moving to a geographically
weighted regression. The findings indicated that native trees had better overall
health compare to exotic trees species, that their health increased over the years,
and that their diversity (based on the Shannon Index) also increased over the years
for both nested populations. The study observed that inequities exist in terms of
health and diversity of street trees related to socioeconomic and environmental
variation, land use, and legacy factors. A complicated relationship was observed
among the variables tested across the years, indicating that different variables are
better predictors for native and exotic urban street trees. Most significantly, the
spatial regression model using diversity as the dependent variable performed
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better for both native and exotic trees, implying that factors that influence tree
health and tree diversity also differ.
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Introduction
Studies relating to urban trees are necessary to produce new knowledge based on
the rational use of urban forests. The benefits that urban forests can provide are
well known, such as thermal comfort (Lohr et al. 2004, Nowak et al. 2008, Roy et
al. 2012, Abreu-Harbich et al. 2015, Algeciras 2016), aesthetics (Dwyer et al. 2003,
Roy et al. 2012), noise reduction, air quality improvement (Dwyer et al. 2003, Lohr
et al. 2004, Nowak et al. 2008, Roy et al. 2012), carbon storage and sequestration
(Nowak et al. 2008, Kovacs et al., 2013), quality of life in cities (Silva Filho 2002;
Lohr et al. 2004, Nowak & Dwyer 2007), recreation, fire prevention (Dwyer et al.
2003), crime prevention (Gilstad-Hayden et al. 2015), reduced energy
consumption (Pandit & Laband, 2010) and flood control (Dwyer et al. 2003, Roy et
al. 2012).
Urban forests face several challenges to deliver this wide range of
ecosystem services, having to tolerate a stressful urban environment to reach
maturity. Selecting adaptive trees is central to secure the resilience of urban tree
populations (Sjöman et al. 2012). Even so, choosing species adapted to the urban
environment is considered a complex assignment (Bassuk 2006). Urban forests
typically have low biodiversity and if there is poor management that makes the
trees more vulnerable to pests and diseases, the risk of trees’ falling is increased
(Rollo 2009). In addition to that, climate change is making cities more vulnerable.
According to the IPCC (2014, 8) “Impacts from recent climate-related extremes,
such as heat waves, droughts, floods, cyclones, and wildfires, reveal significant
10

vulnerability and exposure of some ecosystems and many human systems to
current climate variability”.
In this scenario, the problems of urban forestry can be amplified. The result
is a decline in the number of species planted, usually selected because of
appearance and resistance (Bassuk 2006). Morgenroth et al. 2016 argue that
exotic tree species have a superior ability to endure a changing environment. On
the other hand, specific studies show that native tree species have better health
than exotic species because they are better adapted to the local conditions
(Garcia-Garcia et al. 2016). Therefore, understanding these patterns is important
to comprehend how tree species are facing a changing environment and if native
and exotic species are responding differently.
Furthermore, prior studies reported urban tree distribution inequalities
linked not only to environmental factors but also to socioeconomic factors such as
income (Johnston & Shimada 2004, Kirkpatrick et al. 2011, Kendal et al. 2012,
Zhou & Kim 2013, Krafft & Fryd 2015, Li et al. 2015) and education (Kirkpatrick et
al. 2011, Kendal et al. 2012, Zhou & Kim 2013, Clarke et al. (2013), Krafft & Fryd
2015), with higher-income areas correlated with higher vegetation rates and higher
levels of education associated with higher levels of tree cover and greater
vegetation health. Many other factors were studied, such as legacy effect that
accounts for the neighborhood or building age, with older neighborhoods
corresponding with higher diversity (Zhou & Kim 2013, Clarke et al. 2013, Li et al.
2015). Likewise, a land use effect is pointed out as an important factor, with
11

residential areas accounting for higher vegetation and biodiversity (Clarke et al.
2013).
Inspired by this research, this study looks at urban tree distribution from a
new angle, attempting to understand the inequalities in distribution between the
street tree population when nested within origins.
Accordingly, this study aims to observe the assembly changes in the urban
street trees in New York City in 1995, 2005, and 2015 based on their origins (native
and exotic). While there are several works of research on the distribution of urban
vegetation, mostly using remotely sensed data, the New York City Tree Census
data allows us to infer species diversity as well as health status. To test their
predictors, socioeconomic and physical drivers are included to better consider the
factors contributing to the geographical arrangement of tree populations.
Therefore, this study attempts to answer the research question: Is there inequity
in the distribution of tree population diversity or health, affected by socioeconomic
and physical factors, when nested within origin? An investigation to examine the
geographic variability of such associations across space was performed by
employing global and local spatial statistical techniques.
Understanding better how these factors contribute to health and species
diversity for both native and exotic trees populations, this study can contribute to
the research in environmental equity as well as to building strategies that aim to
increase urban forest resilience.
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Literature Review
2.1

Urban Trees: Services and Disservices

In studying any phenomenon related to urban trees populations, we must
comprehend the services they can provide as well as the challenges they face
and that can result in disservices.

2.1.1 Urban Trees: Services
Urban trees provide several services to the habitants of cities (Nowak et al. 2008)
and are a considerable urban asset (Sanders 1981). Roy et al. (2012) produced
an extensive review of several articles published in North America that evidence
the economic, social, health, visual, and aesthetic benefits of trees in cities, and
listed carbon sequestration, air quality improvement, storm water attenuation, and
energy conservation as the main services urban trees contribute.
These services can tackle many of the increasing risks that climate change
brings. For instance, there are risks to urban areas related to energy systems, such
as extreme weather events and heat events (IPPC 2014). Greening cities is a
practice that can help mitigate and adapt for climate change (IPPC 2014).
To illustrate the importance of urban trees, McPherson et al. (2016)
calculated in a statewide survey in California an average benefit of $110.63 per
tree in annual value of all ecosystem services they provide. Nowak et al. (2007)
estimated that the compensatory value of New York City´s trees at over $ 5 billion
in 1997.
13

The benefits are numerous and since most populations live in cities (62.7%
of U.S population according to the U.S. Census Bureau estimate of 2013), the
quality of life benefits that trees provide have a great impact in people’s lives
(Dwyer et al. 2003). Considering that New York City is the most populous city in
the United States with 8.4 million people (Cohen 2015), special attention to urban
trees is required.

2.1.2 Urban Trees: Disservices
Several articles point out the disservices that urban trees can cause. According to
Roy et al. (2012) the main disservices are the costs of tree maintenance, light
attenuation, infrastructure damage, and health problems.
Research conducted by Lohr et al. (2004) surveyed people in metropolitan
areas in the United States about the benefits and problems with urban trees. Their
results showed that the topmost problems perceived by urban residents were
allergies, blocking store signs, and cracking sidewalks. Contrary to Roy et al.
(2012), the cost to maintain the trees was considered the least important issue.
According to Viana (2013), in another survey study of urban residents’
perception of urban trees, the risk of trees’ falling is one of the principal concerns
of the community regarding the urban forests. Most of the community’s concerns
come from cases of circumstances beyond one´s control such as tornadoes,
hurricanes, floods, ice storms, and fires that can be disastrous; society must plan
to react and recover from these incidents (Burban & Andresen 1994).
14

Zeng et al. (2009) report a mean of 97 million trees that are damaged each
year in the United States by tropical cyclones and found a pattern of increasing
intensity of damage due global warming since 1995. According to Chambers et al.
(2007), Hurricane Katrina in 2005 alone affected some 290 to 350 million trees.
Another case is Hurricane Andrew in Florida in 1992 that devastated all the tree
canopies in the area affected (Burban & Andresen 1994). Hurricane Sandy caused
trees to fall, tragically killing twenty people during the storm and followed by other
deaths after the storm caused by cleaning the downed trees (Blake et al. 2013).
Approximately 48,000 trees were removed or pruned by the New Jersey Public
Service Electric because of Hurricane Sandy (Blake et al. 2013).
Hence preventing and minimizing injuries and the falling of trees, especially
those caused by natural disasters (Burban & Andresen 1994), is crucial to human
safety and health. It is a legal duty of local, state, and federal governments to
promote and execute proper management to prevent events with hazard trees
from occurring, as well as to optimize the benefits trees provide for society.
Governments should additionally study the dynamics of urban trees and ways to
improve the resilience of the urban forest.
Lastly, despite the issues related to urban street trees detailed here, most
people’s perception is that the benefits of the urban forest outweigh the hazards
and nuisances they cause (Lohr et al. 2004).
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2.2

Policies and Programs in New York City

To maximize the services and minimize the disservices that urban trees provide, it
is critical to measure urban forest structure for proper urban forest planning
(Nowak et al.,2008). To get an evaluation of the urban forest, a census or sampling
assessments are required (Nowak et al. 2008). Several cities obtain sampling
assessments and few obtain censuses, since they are cost-prohibitive (Nowak et
al. 2008). New York City is one of the few cities that has execute a decennial
census since 1995, assisting decision-makers, planners, managers, and policymakers.
In pursuance of executing a decennial street tree census, the New York City
Department of Parks and Recreation promoted a public-private program, Tree
Count, that started in 1995. The work is performed by volunteers and staff. The
census helped not only urban tree management, but built the foundation for new
policies to be launched such as the MillionTreeNYC initiative and Adopt a Tree.
The MillionTreeNYC initiative in New York City was a public-private program
launched in 2007 and accomplished in November 2015 with one million trees
planted. The locations to plant the trees were established based on a priority index,
using pollution concentration, population density, and low canopy cover as
indicators (Morani et al. 2011). The areas selected for planting trees were both
private and publicly-owned lands (Locke et al. 2010). The estimates as reported
by the MillionTreeNYC’s official website is that 220,000 trees were street trees.
Part of this initiative is the Adopt a Tree program, where residents of local
16

communities are encouraged to care for a tree. A watering kit, a volunteer card
and workshops are provided to the volunteers. Morani et al. (2011) estimated that
the MillionTreeNYC trees will provide a removal of more than 10000 tons of air
pollutants and 1500 tons of carbon in 100 years.
While the incentives of the Adopt a Tree program, created by the
MillionTreesNYC, involved New Yorkers adopting over 7,000 street trees, other
city projects also involved citizens’ caring for trees, such as My Tree NYC:
Beautiful Tree Bed Contest (Tobing 2013). This kind of project is important for
increasing tree care, and therefore tree health. Other programs, such as New York
Restoration Projects in partnership with MillionTreeNYC, was responsible for
giving away trees to city residents. This program also educates citizens in the best
ways to care for a tree, environmental conditions, and issues involving schools,
communities, and environmental organizations. Increasing the plant diversity of
the city was among the program’s goals (Turner & Mitchell 2013).
The American Public Work Association published research on urban
forestry best management practices that emphasized the necessity of public
policies to establish appropriate tree species in urban areas, and which species
should be prohibited from public spaces. For instance, New York City has
established a directory of approved tree species list that must be followed by city
agencies, contractors, and homeowners.
Government regulations also have a great impact urban forests. In New
York City, an amendment proposed by the Department of City Planning and
17

approved in 2008 regulated street tree planting in all zoning districts. The text of
the amendment requires that street trees be planted in all new developments, in
major enlargements, and conversions of use (between commercial, residential or
manufacturing use). In lower-density residential zoning districts, sidewalk planting
strips are required. Also, a minimum of one street tree for every 25 feet of street
frontage in front of every lot is required, with exceptions for certain uses such as
semi-industrial and automotive, or in areas were the infrastructure would conflict
with the trees. All the standards for the street tree planting are established by the
Department of Parks and Recreation.
The New York City Department of Parks and Recreation also recommends
a mix of forest types, important to maintain and increase biodiversity, with different
species of different ages, shapes, and physical structure (softwood or hardwood).

2.3

Definitions

2.3.1 Urban Street Trees
Urban environments are not only compounded by humans and infrastructure but
also contain natural elements such as urban forests. As stated in Johnston &
Shimada, (2004, 186) “urban forests are as much about people as it is about trees”.
The urban forest is defined as the trees within a city, both privately owned and the
public, while the urban street trees are a subset of the urban forest (Kadir &
Othman 2011).
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Urban trees are distinct from the natural tree population essentially because
humans select and replace populations (Richards 1983). Street and park trees are
distinct components of urban forest population in terms of composition, size,
conditions, and the processes that create these components (Welch 1994).
In this anthropogenic environment, street trees have a linear configuration
(Sanders, 1981). Street greenery includes “street trees, lawns, and other green
spaces along streets” (Li et al. 2015, 752). Studies of street trees usually consider
the street trees that are not based in private lawns. One such study by McPherson
et al. (2016) defined street trees as those that grow along public streets and are
maintained by the city.

2.3.2 Origin of Species
Several terms are used across the literature to distinguish the origin of trees.
According to Johnston & Shimada (2004), the term ‘alien’, compared to ‘nonnative’, is a harmful way to describe the origin of the trees, since it gives the
impression that the “alien” species are a damaging and harmful, and can change
public perception about the merits of these species. The United States Department
of Agriculture (USDA) has adopted the terms ‘native’ and ‘introduced’ to distinguish
the origin of a plant species. Conway & Vecht (2014) and Alvey (2006) use ‘native’
and ‘non-native’, while other authors such as Aguiar et al. (2014) and Jacobs &
Danielson (2001) distinguish between ‘native’ and ‘exotic’ species. Others might
refer to ‘native’ and ‘non-indigenous’ species (Lombardero et al. 2012).
19

The terms ‘alien’, ‘introduced’, ‘exotic’, and ‘non-indigenous’ stand opposed
to the terms ‘native’ or ‘indigenous’, defined by the Oxford dictionary as “a plant
indigenous to a place” and “originating or occurring naturally in a particular place”,
respectively.

2.4

Origin Preferences

There is a growing interest in understanding native and exotic tree species in urban
environments in the literature. There is an increasing attention to restore native
species in urban spaces (Alvey 2006). However, there is little research on whether
the urban forest is predominantly comprised of native or non-native tree species
(Conway & Vecht 2014). Some researchers advance arguments for the benefits of
exotic tree species in urban conditions.
The following studies about exotic and native species allow us to
comprehend the dynamic between them in the urban forest. Research by Aguiar
et al. (2014) in Australia suggested that native tree species compared to exotics
led to lower environmental temperatures by reducing surface temperature
retention. They concluded that the native tree species studied were better
increased urban thermal comfort, even though such results might be considered
counterintuitive due the fact that the native trees have a smaller canopy and leaves
(Aguiar et al. 2014).
Jacobs & Danielson (2001) performed a study comparing several native and
exotic ash species’ susceptibilities to anthracnose disease. Their findings showed
20

that native species such as Fraxinus quadrangulate, Fraxinus tomentosa, and
Fraxinus americana were more resistant to the disease than other exotic ash such
as the Chinese ash Fraxinus chinensis and or the European ash Fraxinus
excelsior.
Sjöman et al. (2012) performed a study in several Nordic cities, and different
trends were found in the different geographic locations. Their results showed that
in most cities the number of non-native species was higher than the number of
native species in street and parks, but the number of individuals was higher for
native species. And they pointed out that more studies are needed to provide tools
to predict the interaction between native and non-native species and to identify
potentially invasive species. Finally, they emphasized that an urban tree population
consisting exclusively of native species is impractical.
Many native species are avoided for various reasons, such as diseases and
infestations (e.g.: genus Fraxinus and the emerald ash-borer; Ulmus and dutch
elm disease), risk of falling (e.g.: Genus Salix), or allergens (Platanus occidentalis)
(Almas & Conway 2016). Raupp et al. (2006) pointed out that catastrophes
involving exotic pests taught us that low-level street tree diversity can have tragic
consequences and a high diversity is more likely to be resilient to pests.
Almas & Conway (2016) researched different municipalities in North
America considering their urban forest management plans, and identified that most
plans incrementally increased the number of native species with the goal of
ecological integrity. They emphasized that, though for the purpose of ecological
21

integrity native species should be preferably selected, non-native species can also
contribute to the resiliency of urban environments facing climate change. A high
diversity of native species is required to maintain the ecosystem function and
resilience of the forest, including rare native species that are not adapted to a
stressed urban environment (Almas & Conway 2016). Additionally, native plants in
cities can also play an important role in environmental education to the community
(Moro et al. 2014). However, non-native species that are more generalist, such as
Ginko biloba and Acer platanoides, are extensively selected because of their
robustness facing stressors and high growth rate (Almas & Conway 2016).
Marzluff (2005) studied the disturbance of the native environment by
urbanization (loss of forest cover) using bird diversity as indicator, concluding that
extinction (defined by the absence of species) increases as more native vegetation
is replaced by urbanization, although the consequences of the loss vary with the
new configuration of the remaining vegetation. The study also suggested that
where exotic plants or animals are introduced to natural areas (parks and
recreational areas, among others), there is an oversimplification of the
environment, loss of shrub and ground cover, loss of productivity, and increase in
extinctions (Marzluff 2005).
A temporal study of North American sites in suburban parks showed an
increase in native plant species, suggesting that suburban areas play an important
role in conservation (Beauvais et al. 2015) even though homogenization usually
occurs in urban environments. Homogenization is the result of exotic species’
22

occupying the environment and replacing native species, thereby reducing
diversity (Marzluff 2005). Homogenization causes the decrease of biodiversity at a
global and regional scale, although diversity at a local scale may increase (Alvey
2006).
There is a shortfall in literature that specifies the proportion, number, and
varieties of native species that should be planted in cities (Almas & Conway 2016).
Though there is a growing preference for native species, non-native species and
cultivars should not be disregard in the urban environment (Alvey 2006). However,
the native species selected for planting are the most generalist rather than rare
species that would lead to higher richness (Almas & Conway 2016).
Generally, the selection of

native species enhances biodiversity

conservation (Aguiar et al. 2014). Low biodiversity is often associated with urban
environments predominantly composed of non-native species (Alvey 2006) as well
as being a result of homogenization. Several studies indicate higher diversity in
urban environments, largely because these environments contain a higher number
of non-native species (Clarke et al. 2013). A higher number of species, either
native or non-native, is considered important to minimize the damage of pest and
disease outbreaks (Alvey 2006). A recommendation of a maximum of 10% of a
single species is widely accepted for the prevention of damaging pest outbreaks
(Raupp et al. 2006).
Finally, the many stressors in the urban context, such as limited space,
pollution, soil volume, compaction, and salinity, can restrict the number of species
23

selected that can thrive in cities (Alvey 2006) as well as professional and
institutional norms and aesthetic preferences (Conway & Vecht 2014) for both
native and non-native species. Failing to choose proper species with suitable
adaptability and longevity in this complex stressful environment results in higher
mortality and shorter lifespan, as well as greater costs (Raupp et al. 2006).
Understanding how native and exotic tree species respond to urban
stressors goes beyond the polarized discussion that native species should be
prioritized over exotic tree species. The preference for particular tree origins is a
complex field that must consider many factors such as disease resistance, risk of
falling, allergenics, temperature comfort, adaptability, biodiversity, and many
others discussed in this chapter. Most studies reviewed promote a strategy of
finding the balance of species that enhances the benefits of urban trees, and call
for more site-specific studies that identify an optimal proportion, number, and
variety of native and exotic tree species.

2.5

Invasive Species

Invasive species are usually considered to be non-native, exotic, or alien species
that cause biological harm and competition with native species or can cause harm
to the environment, economy, or human health (DEC, 2014). However, some
native species (considering native as part of the local or regional environment’s
biota) that can act as invasive species when out of their original range. Although
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only a small number of exotic species become invasive (Moro et al. 2014) it is still
a concern when selecting species to plant and managing the population.
It is well known that “competition from exotic-invasive species further
reduces native species diversity” (Alvey 2006, 199) or changes ecosystem
structure and functions (Hawthorne et al. 2015). Exotic species can also outcompete native species for resources, driving native species to local extinctions
(Alvey 2006).
An article review by Jauni & Ramula, based on a meta-analysis of 75
articles (mostly carried out in temperate zones), assessed the impact of exotic
plants

on

native

plants’

survival,

reproduction,

biomass,

growth,

and

establishment. The authors pointed out that exotic species plants reduced
biomass, reproduction, and survival of native plants, but did not affect growth and
establishment, which were mostly affected by competition.
When faced with a diverse native biota that has evolved to tolerate an
abiotic environment and coevolved to withstand existing biotic interactions,
invading species have difficulty becoming established (Lomolino et al. 2006). In
urban environments, native species that evolved in a different habitat are facing
new abiotic and biotic interactions; exotic and potentially invasive species can
cause competition.
Another facet of invasiveness is that some plants can host several pest
invasive species that can cause serious economic losses. For example, Citrus
greening disease is caused by the bacteria Candidatus Liberibacter asiaticus and
25

Candidatus Liberibacter americanus is transmitted through the psyllium
Diaphorina citri (Halbert &. Manjunath 2004). Both the bacteria and the psyllium
can be hosted in the ornamental tree Murraya spp (Halbert &. Manjunath 2004).
The Murraya genus consists of 5 species from Southeast Asia and is a relative of
the citrus (The complete Encyclopedia of Trees and Shrubs 2003). To control the
disease, specialists recommend the eradication of all Murray spp. and citrus trees
in urban spaces (Halbert &. Manjunath 2004).
Other exotic pests can greatly impact native tree species. Some species
like Acer and Fraxinus are targeted by exotic invasive species (pathogens or
insects); examples are the deadly borers such as the Asian longhorned beetle and
emerald ash borer (Raupp et al. 2006). The Castanea dentata (American chesnut)
population was also greatly reduced by an exotic pathogen (chestnut blight
fungus), as well as the American elm (highly popular in street trees in the past),
which was devastated by Dutch elm disease (Raupp et al. 2006).
Exotic plant species introduced as ornamentals can cause environmental
and economic losses. For example, planting the species Ligustrum lucidum
(Chinese tree glossy privet) for landscaping caused damage in the native
vegetation in Argentina (Gavier-Pizarro et al. 2012). The tree Leucaena
lecocephala introduced in Brazil for degraded land reforestation and can act as an
invasive species outcompeting native tree species (Mello 2013). In the U.S.
invasive species such as rose (Rosa multiflora), Japanese honeysuckle (Lonicera
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japonica) and Norway maple (Acer platanoides) have harmed native woodlands
extensively (Welch 1994).
Smith et al. (2006) argued that urban domestic gardens are the main source
of invasive plants species. Their Sheffield, UK study found that the composition of
garden flora was 30% native and 70% alien. They pointed out that ornamental
plants comprise 40% of invasive plant species, but a fraction of all introduced
species become invasive.
Other than the planting of ornamental species, there are other problematic
techniques that can cause harmful consequences. Given the need to minimize the
effect of climate change on biodiversity, a technique known as assisted migration
is being used in urban forests to shift species beyond their natural, historic ranges
(Almas & Conway 2016). This is a controversial technique that can cause loss of
resources due to failing species or even the introduction of invasive species (Almas
& Conway 2016, Fontaine & Larson 2016). Moreover, it is a technique based on
the uncertainty of climate change (Fontaine & Larson 2016).
Sjöman et al. (2012) called attention to the importance of attenuating the
number of non-native species to prevent eventual invasions. Several cities now
promote invasive species management programs by adding native species to the
urban forest and therefore lowering the impact of invasive species (Alvey 2006).
Mapping invasive species is an important tool to properly manage invasive
species’ populations. Several methods exist to map invasive species. For example,
Hawthorne et al. (2015) used a public participatory geographic information system
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(PPGIS) methodology to map non-native invasive species in Atlanta, Georgia,
USA.
Other studies have documented the presence of invasive plants in urban
areas where natural regeneration occurs. In Syracuse, New York, 52 percent of
the new trees regenerating were invasive species with the domination of Rhammus
cathartica. In Baltimore, Maryland, 13 percent were invasive with presence of
Ailanthus altissma, Acer plantanoides and Pyrus calleryana (Nowak, 2012).
Nowak (2012) pointed out that natural regeneration greatly impacts the species
composition of cities.
It is crucial to manage exotic invasive species in urban systems (Alvey
2006). Invasive species in urban environments must be under periodic surveillance
so that control, eradication, and other actions are executed (Hawthorne et al.
2015). Finally, Nowak (2012) pointed out that urban forest composition is likely to
have more pioneer and invasive species if they do not have proper tree planting
and management.

2.6

Tree health

The definition of urban sustainability is “maintaining healthy and functional
vegetation and associated systems that provide long-term benefits desired by the
community” (Dwyer et al. 2003, 49). Healthy and resilient urban forests should
include age and size diversity (Sanders 1980; Richards 1983; Welch 1994).
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Most importantly, an urban environment is an artificial environment for a
tree species. It does not have the structure of a forest and the biota interactions of
the original environment.
Urban trees are less protected but also do not have as much competition
as in the natural environment. Also, they can thrive from good management or
suffer with bad management. Many diseases cause devastation to an urban forest
because of over-planting a single species (Bassuk et al. 2006).
Urban street sides are considered complexly-stressed environments where
few species widely adapt and have a long lifespan (Richards,1983). The
phytosanitary conditions of the trees are not only important for the sustainability of
the trees but also associated with the cost for maintaining the urban forest (GarciaGarcia et al. 2016). An increase in urban tree management for maintenance,
removal, and replacement is a direct result of poor health (Sanders, 1980). And in
most cases urban street trees suffer more under stressful conditions than the park
trees (Welch 1994).
The distinct compositions and age structure of the urban forest influence its
overall health. Trees that are different in size and species do not provide equal
benefits (North et al. 2015): different rates of carbon sequestration are based not
only on the tree size and growth rates but on tree health, tree species, and site
condition (Nowak et al. 2013). Several factors that make the trees thrive (such as
light, temperature, soil properties, and space available) vary from site to site
(Bassuk et al. 2006); therefore health conditions are geographically dependent.
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The following sub-chapters depict factors considered in urban trees
inventories to ascertain tree health.

2.6.1 Tree age
Increases in tree failure are directly related to tree age (Robbins 1986; Albers
1996). Older trees are more likely to be affected by pathogens (Albers et al. 1996),
such as fungus causing cankers or insects weakening a tree (Shigo 1979). There
is an increase in the failling of stems and roots as trees age, gaining mass and
height (Niklas 2002). Considering that each species has a life span and that a
specific species can be more affected by specific pathogens (Johnson 1981;
Robbins 1986), a suitable handling of the mature trees is very important. A
destabilization effect can occur if a predominance of several older specimens die
around the same time (Richards 1983).
Trees have several complex roles even after they die. Dead trees are
considered crucial for forest biodiversity (Jonsson et al. 2005). They can be the
habitat for many species such as birds, fungi, mosses, mammals, reptiles, and
insects, and are therefore important for supporting wildlife (Shigo 1979).
Furthermore, dead trees have an important role in the nutrient cycle (Shigo 1979;
Jonsson et al. 2005).
Unfortunately, a dead tree can be a hazard if it threatens to cause personal
injury or damage to property and structures (Johnson 1981). Proper management
of dead trees is thus required for urban environments.
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Finally, for the stability of the urban tree population, age diversity is
recommended (Richards, 1983).

2.6.2 Tree crowns and leaning trees
The health of a tree is usually indicated by crown quality and tree shape (Robbins
1986). Understanding the body language of a tree can help in a technical
assessment of fall risk and health status (Volpe-Filik 2009). Tree defoliation or poor
leaf development can be response of several types of stress (insects, drought, soil
compact, and root disease) (Robbins 1986, Pokorny et al. 2003, Volpe-Filik 2009).
Advance tree crown decline can lead to the death of the tree (Pokorny et al. 2003).
Also, leaning trees can be result of structural damage and have the
potential to be a hazard tree (Albers 1996). The greater the lean of a tree, the
greater the chance of failling during natural events (Johnson 1981; Albers 1996).
Robbins (1986, 11) considered that "trees that lean more than 15 degrees of the
vertical should be removed". In short, a leaning tree can be a hazard tree in case
of potential of property or personal damage or injury (Johnson 1981; Robbins
1986; Albers 1996; Pokorny et al. 2003; Angwin et al. 2012).

2.6.3 Root injury
Roots are responsible for sustaining the tree, both the structure as well as in the
process of absorption of water and nutrients (Volpe-Filik 2009). Any factor
damaging the tree roots can increase the possibility of tree failure (Johnson 1981).
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Tree roots can be easily injured in urban environment: for this reason there is a
high mortality of tree seedlings because of urban soil (Volpe-Filik 2009).
The injuries can be caused by many elements such as vandalism, accident,
bad root pruning, contamination of the soil, presence of pathogens, limitation of
space for the root to growth, compaction and paving, or climate (flooding or
drought) (Sanders 1981; Silva Filho 2002; Pokorny et al. 2003; Mullaney et at.
2014). Urban street trees compared to trees in urban parks suffer from more
hazards such as higher temperature, a restricted water and nutrient supply, and
vandalism, resulting in poor health conditions and lower life expectancy (Mullaney
et al. 2014).

2.6.4 Trunk and branch injury
Inadequate pruning can cause several types of damage to trees, and through
these injuries trees are exposed to pathogens (such as fungus and insects)
(Branzolin 2009). Poor pruning can also disfigure trees and the resulting aesthetics
can be unpleasant (Albers et al. 1996).
The presence of dead branches, weak branch unions, and cracks are also
potentially harmful and are signs of a tree’s poor condition (Albers et al. 1996).
Natural events like strong winds can cause trunk and branch injury (Branzolin
2009). Trees are inclined to crack where there is a wound (injury) or a canker (dead
wood) (Robbins 1986).
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2.6.5 Surroundings
Several external factors (caused naturally or by human action) can cause tree
failure (Angwin et al. 2012), and therefore the surroundings of urban trees can be
harmful and stressful to the tree’s health (Pokorny et al. 2003). The sidewalk, the
road paving, buildings, and urban facilities (power transmission poles, telephone,
water, sewage and gas) interfere considerably in the dynamics of the natural
development of the trees (Branzolin 2009; Volpe-Filik 2009).
The conflict between electric wires and cables and trees can be responsible
for inadequate pruning and consequently cause tree damage (Branzolin 2009).
Also, a tree failling can cause damage to the electric wires and power loss to the
community (Velasco 2003).
The soil in cities is commonly compacted, increasing soil density and
humidity (Volpe-Filik 2009) so that tree roots have difficulty growing and therefore
destabilize the trees, potentially creating hazard trees (Angwin et al. 2012).
Compacted soil can cause damage to urban equipment as well (sidewalks and
pipes) (Volpe-Filik 2009) along with pavement damage (Mullaney et al. 2014). The
condition of the sidewalks (if there is interference of the roots in the sidewalk,
sidewalk measurement, type of pavement) and the damage the sidewalks cause
to the trees (pavement next to the tree trunk, collar girdled), are indicators
commonly used in urban tree inventories and surveys (Silva Filho 2002;
Meneghetti 2003; Rollo 2009; Angwin et al. 2012). Additionally, urban soil can
contain pollutants such as salt, de-icing, heavy metals, construction detritus, and
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a lack of nutrients and beneficial microorganisms, all factors that decrease tree
health and can raise the risk of tree failure (Pokorny et al. 2003). Tree survival
depends on the planting site, and unfavorable factors like collisions, salt exposure,
and minimal soil volume should be avoided (Lu et al. 2010). In general, urban soil
provides inadequate conditions for the growth of healthy trees (Volpe-Filik, 2009).
Importantly, the slope of urban soil can contribute to destabilization of the
trees, again increasing the chance that trees rooted in such soil will become hazard
trees (Angwin et al. 2012). Topography can be a component to "expose the trees
to wind, soil texture, stoniness, root-impeding horizons, and moisture condition that
affect anchorage" (Stanturf et al. 2007, 123).
A tree failure can also be the result of the interaction of a defect and a
natural event such as exposure to wind (Angwin et al. 2012). Wind pressure is one
of the environmental agents than can cause mechanical failure, and the potential
of a hazard is directly proportional to increases in a tree’s age and height (Niklas
2002). Stanturf et al. (2007) consider that forecasting the injuries and losses is
complicated by variability in wind speed, wind direction, wind duration, and the
position of the storm. For example, a study in Puerto Rico comparing the effects
of hurricane damage found that native urban tree species survived better in three
Hurricanes (Jeanne, Charley and Andrew) than one (Georges), and that native
species lost fewer branches compared to exotic species (Duryea et al. 2007). In
addition, events such as flooding can also cause damage to trees, cutting off
oxygen to the roots (Stanturf et al. 2007).
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Finally, the stressful environment changes the tree’s health and overall
survival rate, which impacts the process of removal and replacement, resulting in
a change of street tree population composition (Sanders 1981).

2.7

Species Selection

Diversity in urban forests is a result of several changes in land use, land ownership,
and management goals (Dwyer et al. 2003). The consequence is different species
composition, distribution, and sizes on a temporal scale. These are the result of a
legacy of historic decisions of which species to plant and where, which influence
the species pattern across cities (Clarke et al. 2013).
Typically, urban street trees are dominated by few species, increasing the
harms of disease and insect hazards (Richards, 1983) as well as the stresses that
urban environments can cause. Choosing tree species that is less vulnerable to
harmful conditions is one way to prevent damage and lower the risks (Stanturf et
al. 2007). Additionally, selecting appropriate species and planting site can avoid
poor street tree health and save in extra costs that street trees can cause in
infrastructure damage (Mullaney et al. 2014). Selecting species that enhance
benefits is desirable.
In temperate climates, trees grow slowly, which means that the services
they provide take decades before becoming significant (Dwyer et al. 2003).
Additionally, global climate change is causing tree mortality in forests due high
temperatures and drought (Allen et al. 2009). Therefore, the selection of urban
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trees species must take climate change into account as well as the many factors
that involve tree selection.
Selecting species can be a complex task, since many variables should be
taken into consideration. For enhancing thermal comfort, understanding that the
form and the density of the canopy affect the total radiation that seeps through the
leaves is required (Abreu-Harbich et al. 2015). For instance, distinct trees species
have different responses to reducing air and surface temperature and increasing
relative humidity (Gilner et al. 2015). But selecting a species involves not only one
factor, but several others such as form, size, growth rate, aesthetics (e.g.: fall color,
flowering, architecture), and environmental tolerance. These factors were
considered by the Department of Parks and Recreation to make selections for the
NYC street tree species recommended list.
The most common factors to select a species are: utility conflict, growing
space, diversity/native, land use, tree size/structure, soil tolerance and availability
as reported by a study among municipal foresters in Canada (Almas & Conway
2016). Vogt et al. (2017) also pointed out that light regime and microclimate (such
as drought and heat stressors) should be considered. Failing to choose species
adapted to the urban conditions will reduce the tree health caused by diseases or
insect damage. Ultimately local knowledge is required to manage the species
(Richards 1983).
The availability and provenances of species in nurseries are usually
decisive factors to consider. Many nurseries comply with the city’s contract of list
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of species, although substitutions of species in the same genus can happen,
regardless of whether the species is native or exotic (Almas & Conway 2016). The
nurseries also respond to demand, and since the trees take several years to grow,
the nurseries choose the species that are commonly required (Conway & Vecht
2014).
Yet different patterns in trees species across cities can be result of changing
marketing trends for trees (Clarke et al. 2013), as well as the actors involved in the
decision of selecting the species (Conway & Vecht 2014).
Furthermore, the quality of the tree seedling is also an issue that can cause
consequences for tree health and diversity. Ideally, when planting native species,
experts recommended “to obtain seeds from several mother trees for viability and
seedling performance” (Carpenter et al. 2004, 369), but lower diversity interspecies
can be an issue in the urban forest.
Trees are also selected based on tree establishment, supply of ecosystem
service, and tree function and location, in order of importance as reported in a
survey among urban foresters in Ontario, Canada (Fontaine & Larson, 2016). They
also prefer to select native tree species, although non-native species are also
selected depending on the tree’s purpose.
Conway & Vecht (2014) researched the decision-making process in
selecting tree species, with surveys and interviews of the multiple actors in this
process such as suppliers, municipal departments, non-profit organizations, and
landscape architects. They found that among these actors there are divergent
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decision factors when selecting the species, but all consider tree availability and
pest resistance and thus there are similar species planted by the different actors.
Another similar study from Conway (2016) among property owners
indicated that their emphasis in selecting trees for their residential yards is based
on aesthetics and maintenance burden.
There are other studies of differing methodologies to understand people’s
preferences on tree selection. Gerstenberg & Hofmann (2016), in a psychological
study of people’s perception and preferences in Dresden, Germany, showed in
their results a preference for deciduous tree rather than conifers trees, with the
hypothesis that a larger canopy size and height are preferred.
Jennings et al. (2016) surveyed visitors in parks in Tennessee for their
opinions related to park management priorities and among the results the visitors
showed a clear preference for native species.
Studies that examine the impacts of the tree selected, rather than motives,
are also important as the basis for making decisions regarding the trees species
to select. Garcia-Garcia et al. (2016) developed an index to determine appropriate
species for urban areas in Madrid based on phytosanitary conditions (frequency,
cause, and extent of damage). Other than indicating suitable species, their findings
also showed that the native species presented fewer injuries than non-native
species. They concluded that planting a higher number of native species could
improve overall tree health.
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In the face of the complexity of selecting trees and making proper
management decisions, Kirnbauer et al. (2009) created a prototype decision
support system with tools to manage an urban forest in Canada. The system
guides the user through several modules and is based on GIS technologies. It is
worth highlighting that the module’s first steps for tree selection is for the user to
input whether the species are native and non-native, and site attributes such as
soil pH and texture, sunlight and salt exposure, moisture conditions and hardiness
zone and feasibility of planting location. The system output is a list of tolerant trees.
The next models consider feasible planting region, tree placement, age
distribution, species diversity, canopy cover, and shadow mapping. This system
illustrates the complexity of decision making applied to urban forests.
Vlachokostas et al. (2014) also proposed a decision-making process
methodology to select appropriate trees. The factors considered in their framework
were the tree life span, required growth space, aesthetics, tolerance to disease
and environmental conditions, pollution attenuation capability, climate adaptation
capability, crown density, cost, and allergenicity.
Vogt et al. (2017) created a tree selection tool with an urban tree database,
called Cititree, for temperate environments that considers site characteristics and
natural distribution, tree aesthetical aspects, ecosystem services, management
actives, risks and interferences.
These articles evidence how selecting trees is a multifactor decision-making
process. In summary, the process involves deciding proper species for the site,
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considering several factors specific to the site such as soil conditions, space
available, utility conflict, and land use. Other factors considered are those specific
to the species such as hardiness zone, origin (native or exotic), aesthetics,
resistance to diseases and pests, and tree availability in nurseries. Most
importantly, in these models, priority should be given to selecting trees that can
endure stresses and have the ability to adapt – rather than aesthetics and
functional aspects (Richard 1983; Sjöman & Nielsen 2010). Planting the right
species helps cities adapt to climate change (Abreu-Harbich et al. 2015). Finally,
research generally advocates for biodiversity in urban ecosystems given the
current biodiversity losses in natural systems (Alvey 2006). Although historically
species adaptation is considered more important than species diversity (Richards
1983), both species adaptation and diversity are critical in making a resilient urban
forest.

2.8

Distribution

There are several factors that influence species response and how it affects the
species distribution as well as its growth, its phytosanitary status, and its survival
rates. As one example, climate change can alter forest composition, structure and
biogeography ranges (Allen et al. 2010).
Figure 1 summarizes environmental variations, including physical factors
and biotic factors (species interactions), and the changes that human activities will
cause, along with a species’ response. This reasoning is based on Hutchinson’s
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Multidimensional Niche Concept, where “the niche of a specie represents the
combinations of these variables that allow individuals to survive and reproduce,
and populations to maintain their numbers” (Lomolino et al. 2006, 73).

Figure 1. Influences in Species Distribution and Growth adapted from Booth et al.
(2015) and Lomolino et al. (2006)

Based on Hutchinson’s Multidimensional Niche Concept, in an urban
environment where competition with other species is diminished, a broader
variation of conditions can be tolerated, and it can therefore allow a species to
thrive outside its historical realized niche (as natural distribution) and extend to its
fundamental niche (Booth et al. 2015).
Furthermore, in an urban environment, the tree species planting location is
usually selected rather than a natural distribution. The selection and abundance of
species also impact the distribution. There are forest management techniques
such as the control of diseases and weeds, as well as a reduced competition
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between species or individuals since the trees are normally placed in separate
sites. Other factors related to human activities are more likely to influence the
species response, such as the salinization of soil (winter salt), contamination of
soil with garbage and littering, vandalism, poor management actions (bad pruning)
and many others. Better management also can lead to a healthier urban forest,
and poor management can lead to an unhealthy urban forest.
The success of trees being planted in the urban environment is also linked
to neighborhood characteristics, associated improvement projects, community
commitment, and community resources (Vogt et al. 2015). For example, Sanders
(1981) studied the distribution of species in Syracuse, New York and discovered
that at an individual level the distributions of species across neighborhoods were
more uniform than within neighborhoods. Their findings also pointed out that the
greatest disparities are a result of the underrepresented species (less abundant)
in all the neighborhoods.
Thus, the distribution of vegetation in cities is unequal (Li et at 2015).
Factors such as the socioeconomic context within cities can play an important role
in the urban forest. There are several studies on environmental injustice, where
the inequality of access to urban forests and the impact of socioeconomic variables
on trees are investigated.
Research by Clarke et al. (2013) in Los Angeles focused in the connections
between biophysical variables, social variables, and biodiversity and vegetation
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cover patterns. Their results showed a correlation between older neighborhoods
and higher-income neighborhoods and a higher number of tree species.
Vogt et al. (2015) examined urban tree survival and growth, clustering the
trees by species and neighborhood in Indianapolis, IN, and tested the prediction
of tree survival and growth with tree variables (overall condition), biophysical
environment, community variables (median household income, unemployment,
house ownership, and education) and management (mulching, pruning, and
watering). The authors found that the factors that predict tree survival and growth
differ. In their results, for example, some variables such as good overall condition,
median household income, percent of renter-occupied homes, mulching, and
watering were positively related to tree survival and growth.
Deng (2015) studied socioeconomic data, crime records, and tree
characteristics (NDVI and height) with results showing a complex relationship
between crimes and trees with great variation in the studied city (Milwaukee, MI)
with different effects for different crime types.
Along the same line, Gilstad-Hayden et al. (2015) also provided a study on
the relationship between crime and tree canopy, and their results showed an
inverse relationship such that greater tree coverage corresponded with lower crime
rates.
Donovan et al. (2010) studied the relationship between tree canopy cover
and risks while giving birth in Portland, Oregon. Their results suggested greater
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tree canopy near the house (50m) was correlated with a reduction of risks
associated with birth, advocating for the health benefits trees provide.
Johnston & Shimada (2004) argued that a multicultural society that arguably
impacts the landscape must gain the attention of urban foresters. They stated that
“in cities throughout the world, the density and health of urban forest in residential
areas often coincide with the economic status of the people who live there”
(Johnston & Shimada, 2004, 185). They argue that the poorer the neighborhood
the fewer trees there are.
The inequality of distribution of urban trees was also studied by Kendal et
al. (2012) in Australia. The authors pointed out that socioeconomic drivers such as
income, education level, ethnicity, life stage, and family size influence the
inequality of the distribution of urban trees. They studied the tree cover and species
richness impacted by education and household income using spatial regression
models. Kendal et al. (2012) detected in this study that education level was better
at predicting tree cover than income data.
Kirkpatrick et al. (2011) also found patterns relating education and income
with tree density in six cities in Australia. They argued that this approach is valuable
to comprehend the variation of abundance of types of trees and their social
correlations. They presented support for the fact that it is still unknown “whether
the relationships between urban trees and these predictive socioeconomic
variables vary between cities in the one country, and whether there are differences
in these relationships between private garden and public street trees” (Kirkpatrick
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et al. 2011, 245). Their findings contributed to the body of literature that indicate
that increases in income and education levels are correlated with higher urban tree
density.
Krafft & Fryd (2015) used a method with aerial photography analysis to infer
the relationship between urban tree distribution, income, home ownership, and
education level in Melbourne, Australia. They found that the inequality increased
over time and that income and education level are satisfactory predictors, but not
home ownership.
Li et al. (2015) studied urban street greenery (including street trees and
lawn vegetation) in residential area in Hartford, Connecticut, to compare
socioeconomic and racial/ethnic groups using a green view index using Google
street view. The variables used were race/ethnicity, median building age, and per
capita income. They also found a positive correlation between higher income and
greener areas.
Peterson et al. (2012) studied residential landscaping preferences and had
different results per socio-economic status (income, ethnicity, and home
ownership). Among their findings, they pointed out that African Americans seem
to favor turf grass rather than a more resilient and complex native garden.
Zhou & Kim (2013) investigated the disparities of racial/ethnic to access to
parks and tree canopy and found that minorities have less tree canopy in their
neighborhoods as well as income, education, house age, and population density
was associated with higher amount of tree canopy.
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Danford et al. (2014) studied the urban tree canopy distribution in Boston,
MA and proposed increasing canopy cover for environmental justice communities
since they also found a positive correlation between low median household income
and minority population and low canopy cover, although they concluded that equal
distribution is limited with physical availability as well as funding and policies.
Finally, based on all those studies as examples, we can conclude that,
considering the complex relationships involving street trees, it is possible to break
down some factors that influence trees’ overall health and diversity. As we can
see, not only the environment variation and human activities such as land use
changes and the process of selecting and planting the trees species as seen
Figure 1 contribute to a geographically variation, but the socio-economic factors
should also be considered as illustrated in the studies above. Most importantly, as
Johnston & Shimada (2004) noted, tree surveys should also include or be
supplemented with demographic, economic, and social data. This way, they
argued, stakeholders can prioritize the areas with the most needs and promote
social inclusion.
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Methodologies
3.1

Study Area

New York City (latitude: 40.73 and longitude: -73.93). The climate is humid
subtropical climate (Köppen Cfa). The mean temperature is 14 °C (57.2 °F), with
highest in July and lowest in February (NOAA, 2017). The average amount of
precipitation and snow depth for the year is 1071.12 mm (42.17“) and 660.4 mm
(26”), respectively (NOAA, 2017).
The city covers 304.6 mi² with approximately 8.4 million residents (US.
Census Bureau, 2015). The overall median income is approximately U$57,000
with census tract varying between U$10000 – U$250,000 (U.S. Census, 2014).
The city is divided in five boroughs, Manhattan, Brooklyn, Bronx, Queens
and Staten Island, with a population density of 27,664 people per mi2 (2015 U.S
Census). Brooklyn has the largest population with 2,595,259 habitants, followed
by Queens with 2,231,139, Manhattan with 1,629,507, Bronx 1,428,357 and the
lowest population in Staten Island with 472,481.
The tree population follows a similar pattern, but Queens has the highest
number, followed by Brooklyn. There was an increase in the number of street trees
from 516,989 in 1995 to 592,372 in 2005 to 683,788 in 2015, about one tree for
every twelve residents. There are an estimated 4.2 million street trees in the state
of New York (Cowett and Bassuk, 2014), so New York city comprises
approximately 16% of the street trees statewide.
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3.2

Conceptual Model

Several factors and mechanisms influence vegetation health and biodiversity that
vary geographically. As presented in the literature review, all factors such as tree
age, dead trees, tree crown, leaning tree, trunk, branch and roots injuries; external
natural factors such as wind, slope, drought, flood, and urban land use (urban
facilities, sidewalk, roads, and buildings); human management to select, replace
and maintain trees; and the socioeconomic context, can be responsible directly or
indirectly for urban tree health and diversity.
In this complex interaction, some factors were selected for the conceptual
model to see the variation between exotic and native species.
First there is the environmental variation of the effect of physical climate. To
describe this effect, a calculated distance to shore can account for variation. The
hypothesis is that diversity increases near the coast (Lohr et al. 2004, Clarke et
al., 2013) and health might be affected by hazards near the coast resulting in the
replacement of trees.
The legacy effect is measured by the ages of buildings, calculated by the
nearest building to each tree and the tree’s diameter at breast height (DBH). The
hypothesis is that the older the neighborhood, the older the trees and the higher
the DBH, which might increase health problems, and that a different assemblage
of diversity will result in an increase of the number of species planted by different
managers in different periods (Hope et al. 2003, Clarke et al. 2013).
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The luxury effect is measured by socioeconomic variables such as income
(economic status) and education, resulting in an unequal distribution (Kendal et al.
2012). The hypothesis is that there is less tree management in poor areas leading
to poor health and lower biodiversity (Johnston & Shimada 2004).
Human activities in land use also result in unequal distribution. The
hypothesis is that different management decisions between land uses generate
different arrangements of diversity and health status (Hope et al. 2003; Clarke et
al. 2013). Trees are also affected by the different land uses. To confirm this logic,
a study in New York City showed higher mortality rates for street trees planted in
commercial industrial and open space (ranging from 60.3 %to 62.9 %) compared
to residential areas (ranging from 82.7 to 72.3 %) (Lu et al. 2010).
Those variables are subsets of the complex factors that can affect the health
and diversity of street trees summarized in Figure 2. The goal is to create a good
model that clarifies “the most with the least” (Miller & Goodchild, 2015, 459) and to
see the effects in native and exotic street tree species.
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Figure 2. Conceptual Model

3.3

Data

Tree inventories are standard procedures to collect information for analysis and
management, and with technology progress in development, urban tree
inventories became more accessible (Alvey 2006). The city of New York has
promoted the decennial Street Tree Census since 1995, with available data from
1995/1996, 2005/2006 and 2015/2016 for the five boroughs. The dataset includes
location, species, overall health, DBH (diameter at breast height), and other site
information. While many similar studies use remotely sensed tree canopy cover
data (Kendal et al., 2012) and vegetation indexes, a more elaborate study with
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species origins and health status can be refined with the street tree inventory. The
NYC Tree Census provides tree conditions, ranked in four ratings (excellent, good,
poor and dead) which consider the leaf health, branch structure, and trunk
condition. Some changes of methodology in the rankings occur in 2015 with ratings
for good, fair, poor, and dead. The ratings were used as the health indicators in
this study.
Based on the literature review, variables related with tree distribution were
identified and selected, such as the median household income data, median
education level, zoning districts, building construction year, and distance to shore.
Economic conditions are usually used as an indicator of the interaction of
people and the environment (Li et al. 2015). Therefore, the household income data
was chosen to represent the economic variable. The income data was collected
from the Census 1990, Census 2000, and the American Community Survey (ACS)
2015 at a census tract level. The ACS replaced the long form decennial census in
2006 with the long form that contains the income information (Posey et al. 2003).
The education level was also selected to represent the social variable also
collected from the Census 1990, Census 2000, and the American Community
Survey (ACS) 2015. Both variables are known to account the “luxury effect” (Hope
et al. 2003, Clarke et al. 2013, Gilstad-Hayden et al. 2015).
Zoning districts data was collected from the Department of City Planning of
New York City. They are divided between residential, commercial, and
manufacturing zoning. This dataset was chosen to appraise the land use effect.
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To assess the “legacy effect”, the information about the year the
construction of the building was completed, collected by the Department of
Finance - Real Property Assessment Database (RPAD), and available through the
NYC Department of Information Technology and Telecommunication, GIS
Division, was used. To determine the median age of houses, the distances from
individual trees closest to the building were identified and then point statistics were
calculated. The median built age from the Census Bureau (Census 1990, Census
2000 and the American Community Survey (ACS) 2015) was also collected to test
and select the best variable fit in the model among those two variables. The street
trees diameters present in the Street Tree Census are also a variable to account
the “legacy effect”. Although DBH is not a reliable predictor of individual tree age,
because of variation within and among tree species diversity, it is reliable when
used as an indicator for an urban tree population because it can represent general
age structure (Welch, 1994).
Embedded in locations are the physical climate effects. To calculate the
distance to the shoreline, the administrative boundaries from the Department of
City Planning were downloaded from the Bytes of the Big Apple archive. The
distance to shoreline was calculated based on the distance from each individual
tree. The location for trees near a coast was included as a control variable, where
more hazardous conditions, and therefore variance in health and diversity, are
expected.
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These datasets were combined and analyzed using Geographic Information
System Software ArcGIS v.10.4. The variables were calculated and spatially joined
at the census tract level since geographically weighted regressions does not work
with multipoint data.

3.4

Origin Identification

Determination of the origin status of all the tree species present in the Street
Census of 1995, 2005 and 2015 were based on the USDA Plant Database.
Additional botanical literature was used for origin description, group, and hardness
zone. The USDA Plant Database contains a map with the range of each species
selected. In this way, a distinction was possible between native species in North
America and the natural presence of native local species in New York State. The
tree species were classified either as “native” or “exotic”. They were considered
native if they naturally occur in New York State and exotic if they are nonindigenous to the region.

3.5

Diversity Index

To calculate the diversity among the tree population, the Shannon Index was
selected. The Shannon Diversity Index is often applied in urban forestry and
biogeography studies (Welch 1994). The Shannon Diversity Index defined by Hill
(1973) is:
(1)
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𝑆

𝐻 = − ∑ 𝑝𝑖 log 𝑏 𝑝𝑖
𝑖=1

Where pi is the proportion of species i, and S is the number of species so that
∑S𝑖=1 𝑝𝑖 = 1 and b is the base of the logarithm.
The Shannon Index was calculated using the MGET 0.8a64 created by Jason
J. Roberts from Duke University for ArcGIS. The tools include a geoprocessing
script that computes Species Diversity Indices for polygon coverage data based
on the R vegetation package.

3.6

Statistical analysis

For the statistical analysis, the trees species were nested within origin
(native/exotic). Spatial statistics tools were used to model spatial relationships from
the Spatial Statistics Tools from ArcGIS Desktop® version 10.4.
Descriptive statistics were calculated first, giving frequencies and means.
The independent sample Teste (T-test) was used to compare the means of exotic
and native species. A cluster analysis was performed on the invasive species
population using the Average Nearest Neighbor.
Regression analyses were used to model the complex phenomena that
involve the street tree spatial heterogeneity in New York City, to understand if
native and exotic trees have different spatial patterns under the same factors. Two
dependent variables were chosen to be tested, health status and diversity
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(Shannon Index), and regressions were employed to analyze the relationship
between each of them.
First an exploratory Regression was performed to evaluate all possible
combination of explanatory variables. This way existing multicollinearity can be
identified as well as bad records stored in the variables.
Nonlinear relationships were accessed using a scatter plot matrix graph.
And variables that were positively or negatively skewed residuals were
transformed using a log or exponential transformation, respectively. Data outliers
were also examined in the scatter plot matrix.
An ordinary least squares (OLS) regression model was employed to test
association between the variables as a global regression. OLS allowed to examine
nonstationary, multicollinearity (with tolerance and variance inflation factor - VIF),
inconsistent variance in residuals, and normal distribution bias.
Geographically Weighted Regression (GWR) was used to further
investigate the effects on health or diversity of the street trees. A Geographically
Weighted Regression is a linear regression used to model spatially varying
relationships providing a local model of the process. The Geographically Weighted
Regression considers the location dependency of the relationships between
variables (Brunsdon et al., 2007). The estimated equation is a weighted least
square estimator that varies per location.
For both the ordinary least squares and the geographically weighted
regressions, the dependent variables were diversity and health status. The
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explanatory variables were distance from shore to capture the physical climate
effect, building median age to capture the legacy effect, education and income as
the social-economic variables and zone for the land use variable.
The ordinary least square equation can be expressed as:
𝜇𝑘 = 𝛽0 + 𝛽1 𝐸𝑖𝑘 + 𝛽2 𝐿𝑖𝑘 + 𝛽3 𝑆𝑖𝑘 + 𝛽4 𝐿𝑈𝑖𝑘 + 𝜀𝑘

(2)

The geographically weighted regression equation can be expressed as:
𝜇𝑘 = 𝛽0 (𝑥1 , 𝑦2 ) + 𝛽1 (𝑥1 , 𝑦2 )𝐸𝑖𝑘 + 𝛽2 (𝑥1 , 𝑦2 )𝐿𝑖𝑘 + 𝛽3 (𝑥1 , 𝑦2 )𝑆𝑖𝑘 +
𝛽4 (𝑥1 , 𝑦2 )𝐿𝑈𝑖𝑘

(3)

Where µk is the dependent variable diversity or health status; βj are the
model’s coefficients; (x, y) is the coordinate location; E is the environmental factor,
L is the legacy factor, S is the social-economic factor and LU is the land use factor;
𝜀𝑘 is the error term. The independent variables to be tested are diameter at breast
height that embed the physical climate and legacy effect; distance from shore,
accounting for the physical climate effect; the building age, accounting for patterns
in the legacy effect; median income and higher education attainment,
socioeconomic variables accounting for the luxury effect; and residential zoning,
accounting for the land use effect.
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Results
4.1

Overview

An overview of the Street Census data is provided about tree origin, health, and
tree species, to frame and assist understanding the differences found across the
years.
4.1.1 Origin
In all decennial censuses, the number of species with native origin is lower than
the number of trees with exotic origin (Table 1). The percentage of native trees
showed a slight increase over the years. Several trees were either identified only
by the genus or unidentified (most being stumps or empty tree pits), making the
identification of the species origin difficult.
Table 1. Species Frequency – Origin
Census Year

Exotic (%)1

Native (%)1

1995

63.48

36.49

2005

60.89

39.10

2015

58.16

41.84

Considering the frequency and the number of species, the native species
contribute to a higher diversity of trees in all years, but the number of trees are
higher for exotic species (Table 2). There is a great difference across the years of

1

Considering only the identified species. Trees identified by genus or unknown species were not
counted.

57

the number of species. In 1995, there were 227 species identified, but 119 species
have less than ten trees counted per species, and 38 species with only one
individual tree counted. In 2005, there were 42 species with less than ten trees
counted, with most of native origin (57%) and 13 species with only one individual
representing the species. This huge difference between 1995 and 2005 is likely to
have happened due to incorrect identification or the death of the single individual
representing one species population.
In 2015, beside one exception (Pinus virginiana with eight individuals), all
species have more than ten individuals. Unfortunately, the latest dataset released
in February 17th, 2017 has 170,397 trees (24.91%) without species identification.

Table 2. Absolute number of Species – Origin
Exotic

Native

Census

Number of

Number of

Year

Species

Species

1995

100

127

2005

61

83

2015

53

66

The predominant species account for a greater number of exotic species in
1995 and 2005. But in 2015 there was an increase in the participation of native
species as well as a reduction in the dominance of only ten species. Dominance
of fewer species is an important matter for the city of New York, because with fewer
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species the trees can become more vulnerable to events such as storms, drought,
disease, and pests (Peper et al. 2007). Thus, we clearly see a reduction in the
dominance of ten species across the years accounting for less than 40% of the
street tree population after 20 years as seen in Table 3. Although still a high
number, the efforts to reduce dominance in the Street Tree Population are being
achieved by the City of New York.

Table 3. Top 10 Predominant Species – Origin
Native

Exotic

Native

Exotic

Total

Census Year

Species

Species

%

%

%

1995

4

6

33.19

46.47

79.66

2005

4

6

25.61

39.28

64.89

2015

6

4

22.46

16.64

39.10

4.1.2 Health
As for the overall health, a number was given per category aggregated per year,
with 1 meaning healthier trees and 4 less healthy (stump and shaft) or dead trees.
A change in the classification in each Street Tree Decennial Census created a
problem in the comparison of years. So, aggregating the classes (1 and 2) was
performed to create less variance that would have impaired the model. The classes
created by each census year were followed. In 1995 and 2005 a distinction
between excellent and good health was available, while in 2015 due a change in
the criteria, the category excellent was dropped. Nevertheless, in all censuses the
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majority is considered healthy, in 1995 with 88.16%, in 2005 with 90.34%, and in
2015 with 94.14%, such that overall tree health increased. The dead trees account
for 12,859 trees in 1995, 8,120 trees in 2005 and 10,457 trees in 2015 in absolute
numbers, a small variation in the number of dead trees, but a reduction when
compared to the total population across the years.

Table 4. Overall Health
Overall Health
Census
1

2

3

4

1995

20.43

67.73

7.86

3.92

2005

23.91

66.42

8.29

1.37

2015

80.90

13.24

3.87

2.04

Year

When nested within the origin and considering only the trees identifies by
species, the dead trees in all years were not identified. A clear trend is noticeable,
with most native trees in better health than the exotic trees. Summing the classes
1 and 2 for comparison, there is a difference in 3.08 in 1995, 2.22 in 2005 and 1.07
in 2015 between native and exotic.
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Table 5. Overall Health – Exotic and Native Species
Overall Health
Census
Year

Origin

1

2

3

4

Exotic

19.36

69.98

8.99

1.61

Native

23.61

68.81

6.33

1.15

Exotic

23.32

67.06

9.11

0.50

Native

24.64

67.97

7.06

0.33

Exotic

81.78

13.94

3.88

0.40

Native

83.99

12.80

2.96

0.25

1995

2005

2015

4.1.3 Species
The predominant species have changed positions across the years (Table 6). As
discussed in chapter 4.1.2, the overall predominance decreased, although in the
2015 the exotic species Platanus acerifolia, the most dominant species, accounted
for 11.08%, above the recommendation of 10% (Raupp et al. 2006). The exotic
species Acer platanoides had considerable decreased from 21.15% to 3.99%,
respectively from 1995 to 2015, and a similar trend was observed in other maple
species. On the other hand, the native species Gleditsia triacanthos, the second
most dominant species in 2015, increased from 6.52%, to 8.81% to 10.50% in
1995, 2005 and 2015, respectively. A noticeable change was observed for the
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exotic species Zelkova serrata, with an increase from 1.11% in 1995 to 4.49% in
2015. Other species like Quercus palustris, Pyrus calleryana, and Tilia cordata,
remained with relatively stable populations. Notably, Lu et al. (2010) evaluated the
survival rate per specie in New York City and found out Pyrus calleryana (an exotic
tree) was the most successful.
Although the species level was only considered to obtain the origin
information, it is important to see that the populations are dynamic and therefore
the regressions for each census year were expected to be different.
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Table 6. Predominant Species
1995
Acer platanoides

Origin %
2005
E
21.15 Platanus acerifolia

Platanus acerifolia
Quercus palustris
Gleditsia triacanthos
Pyrus calleryana
Tilia cordata
Acer saccharinum
Acer rubrum
Fraxinus
pennsylvanica
Acer saccharum
Ginkgo biloba
Unknown live trees
Sophora japonica
Acer pseudoplatanus
Unknown dead trees

E
N
N
E
E
N
N

17.03
7.07
6.52
6.05
5.12
4.32
3.48

N
N
E

3.42
2.97
2.66
2.12
1.66
1.47
1.32

Quercus rubra
Liquidambar styraciflua
Ulmus americana
Zelkova serrata

N
N
N
E

E
E

1.30
1.29
1.17
1.11

Origin
E

Acer platanoides
Pyrus calleryana
Gleditsia triacanthos
Quercus palustris
Tilia cordata
Fraxinus pennsylvanica
Acer rubrum

E
E
N
N
E
N
N

Acer saccharinum
Unknown
Ginkgo biloba
Zelkova serrata
Quercus rubra
Prunus species
Liquidambar styraciflua
Acer platanoides
crimson king
Tilia americana
Styphnolobium japonicum
Tilia tomentosa

N

%
2015
15.11 Platanus acerifolia
Gleditsia triacanthos var.
12.61 Inermis
10.74 Pyrus calleryana
8.81 Quercus palustris
7.41 Unknown
4.67 Zelkova serrata
3.48 Tilia cordata
3.42 Prunus species

Origin
E

%
11.08

N
E
N

10.50
9.63
7.38
4.66
4.49
4.23
4.06

E
E

N

3.15
3.10
2.74
2.47
1.87
1.64
1.42

Acer platanoides
Ginkgo biloba
Styphnolobium japonicum
Acer rubrum
Fraxinus pennsylvanica
Tilia americana
Liquidambar styraciflua

E
E
E
N
N
E
N

3.99
3.37
3.20
2.73
2.32
2.01
1.71

E
E
E
E

1.37
1.22
1.19
1.02

Acer saccharinum
Ulmus americana
Quercus rubra
Acer species

N
N
N

1.54
1.35
1.25
1.03

E
E
N

An endangered species was also present in the Street Tree Census, Cedrus
Atlantica (Atlantica Cedar) native from Africa, counting 93, 143 and 79 individuals
respectively from 1995, 2005 and 2015 Tree Census. Two individuals from a rare
species Castanea dentata (American chesnut) were found in 2005, native from
Eastern North America that suffer with fungal disease.
Invasive species, compiled by an invasive list of the State of New York, were
present in all the decennial tree censuses. The most frequent species is Acer
plantanoides (Norway Maple) originally from Europe and Asia, with hybrid varieties
such as the “Crimson Column”. Another invasive species present in all censuses
were Acer pseudoplatanus commonly known as Sycamore Maple from Europe.
Black Locust (Robinia pseudoacacia) is another invasive species present in all
years although it is a native species that behaves as invasive. The number of
invasive trees decreased, but is not possible to know with certainty due to a lack
of identification for more than 25% of the 2015 dataset entry. Some other species
were only present in the 1995 Tree Census with few individuals that were either
removed or dead. According to McPhearson et al. (2010), driven by the
MillionTreesNYC Initiative, extensive invasive species were indeed removed.

Table 7. List of invasive species
Species

1995

2005

2015

109,325

82,855

33,853

7,592

4,113

2,214

Bischofia Javonica

1

-

-

Elaeagnus Umbellata

6

-

-

Lonicera Species

6

-

-

385

4,349

1,280

4

-

-

Acer

platanoides

(or

Column`)
Acer pseudoplatanus

Robinia pseudoacacia

hybrid

`Crimson

Sapium Sebiferum

The regulation for the three most frequent species since 2014 is that Acer
platanoides and Robinia pseudoacacia are regulated invasive species and Acer
pseudoplatanus is prohibited. That means that the regulated species cannot be
introduced into a free-living state, but are legal to commercialize and possess,
while the one prohibited is not allowed to be sold, imported, purchased,
transported, introduced, or propagated (DEC, 2014).
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Figure 3. Invasive Species Location – 1995 Street Tree Census
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Figure 4. Invasive Species Location – 2005 Street Tree Census
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Figure 5. Invasive Species Location – 2015 Street Tree Census
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Table 8. Point Pattern Analysis
Average Nearest Neighbor Summary
Expected
Nearest
z-score p-value Pattern
Mean
Neighbor
Distance
Ratio
(meters)
213.31
0.18
-517.63
0
Clustered

1995

Observed
Mean
Distance
(meters)
38.73

2005

49.27

235.70

0.21

-448.92

0

Clustered

2015

131.40

360.64

0.36

-234.99

0

Clustered

Census
Year

All the invasive species have a clustered pattern. As seen in the maps
(Figure 3, Figure 4 and Figure 5), there is a concentration in Queens and Brooklyn,
parts of State Island, and Bronx. Given that the z-score for all the data analyzed is
smaller than 2.58, there is less than 1% likelihood that this cluster pattern could be
a result of random chance. The analysis also showed that the observed mean
distance between trees in 2015 species is greater than the observed mean
distance in 1995 and 2005, as well as the z-score. A smaller number of trees due
to the lack of identification in the dataset should be the reason for this difference.

4.2

Descriptive Statistics

The summary of the statistics of the aggregated features using the median values
per census tract for each variable is detailed in Table 9. Different median values
varied across the years for diversity and health, with an increase in the diversity
and a decrease in health values, probably due to less homogenic areas with the
plantation of new trees that are therefore younger and healthier. There was an
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increase on the median Diameter of Breast Height (DBH) from 1995 to 2005 but a
decrease on the median value in 2015. A possible explanation is the increase in
the number of trees as a consequence of the MilliontreeNYC initiative, reducing
the DBH median value. The distance variable and zone remained nearly constant.
The social variables did not significantly change in comparison.
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Minimum
Maximum
1995 Mean
Standard
Deviation
Minimum
Maximum
2005 Mean
Standard
Deviation
Minimum
Maximum
2015 Mean
Standard
Deviation

0
2.73
1.56

0.55

0.00
3.02
1.81

0.61

0
2.56
1.57

0.46

0.00
2.92
1.84

0.55

0.29

0.00
4.00
1.27

0.35

0
3.00
1.86

0.38

0.51

0.43

N

0.24

0.00
3.00
1.18

0.36

0
2.87
1.80

0.42

0
3.21
1.88

Health
0
3.42
1.93

E

E
N
Diversity
0
0
2.23
2.51
1.22
1.35

4.37

0.00
28.11
11.82

5.09

0
61.42
12.91

4.68

0
30.33
11.89

E
DBH

4.31

0.00
41.00
11.12

4.86

0
52.84
12.03

4.69

0
32.00
10.57

N

22.87

0.00
100.00
29.31

22.89

0
100.00
30.87

22.85

22.87

0.00
100.00
29.31

22.86

0
100.00
30.72

23.25

E
N
Distance
0
0
100.00
100.00
30.80
31.20

149.38

0.00
1998.00
116.95

187.07

0
2689.00
136.57

151.94

N

106.10

0.00
1319.00
82.25

121.06

0
1340.00
85.12

106.30

0
1486.00
71.03

Zone
0
1930.00
116.69

E

Table 9. Variables Statistics Summary

30613.40

0.00
250000.00
57558.58

29077.90

0
268201.00
56958.57

28762.12

Income
0
276619.00
55232.95

19.31

0.00
100.00
53.71

19.28

0
100.00
44.45

19.26

Education
0
100.00
36.99

4.3

T-test

For each census year at T-test between each dependent variable (Health and
Diversity) was performed on each of the nested population Native and Exotic
trees aggregated by census tracts.
Table 10. t-Test: Two-Sample Assuming Unequal Variances – 1995 Census
Exotic
1995

Native
Health

Exotic

Native
Diversity

Mean

1.93

1.88

1.22

1.35

Variance

0.14

0.17

0.18

0.26

Observations

2216

2216

2216

2216

Hypothesized
Difference

Mean
0.00

0.00

4388.00

4318.00

t Stat

4.38

-9.19

P(T<=t) one-tail

0.00

0.00

t Critical one-tail

1.65

1.65

P(T<=t) two-tail

0.00

0.00

t Critical two-tail

1.96

1.96

df

72

Table 11. t-Test: Two-Sample Assuming Unequal Variances – 2005 Census
Exotic
2005

Native
Health

Exotic

Native
Diversity

Mean

1.86

1.80

1.57

1.56

Variance

0.12

0.13

0.21

0.31

Observations

2216

2216

2216

2216

Hypothesized
Difference

Mean
0.00

0.00

4420.00

4289.00

t Stat

5.35

0.76

P(T<=t) one-tail

0.00

0.22

t Critical one-tail

1.65

1.65

P(T<=t) two-tail

0.00

0.45

t Critical two-tail

1.96

1.96

df

73

Table 12. t-Test: Two-Sample Assuming Unequal Variances – 2015 Census
Exotic
2015

Native
Health

Exotic

Native
Shannon

Mean

1.27

1.18

1.84

1.81

Variance

0.08

0.06

0.31

0.37

Observations

2166

2166

2166

2166

Hypothesized Mean

0.00

0.00

4208.00

4290.00

11.32

1.71

P(T<=t) one-tail

0.00

0.04

t Critical one-tail

1.65

1.65

P(T<=t) two-tail

0.00

0.09

t Critical two-tail

1.96

1.96

Difference
df
t Stat

After performing a t-test (two-sample assuming unequal variances) for
all census years, the observed difference between the sample means is
convincing enough to say that the health between native and exotic trees differ
significantly for all years. For all the three censuses, the native tree population
was healthier than the exotic tree population as seen in the previous chapter, a
statistically significant finding. The diversity index from the exotic and native
tree population differ significantly in 1995, but not in 2005 and 2015. This
suggests that the diversity for both exotic and native tree populations from 2005
to 2015 was impacted by the lower number of species found in those years,
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and imply more uniformity among the proportion of species in both native and
exotic tree populations.

4.4

Regression Analysis

To help explain the factors behind the observed spatial patterns from the exotic
and native trees, regression analyses for all census years were carried out. First
an exploratory regression was used to test which variables are consistent
predictors and to address problems such as a multicollinearity diagnosis. This
was possible by calculating tolerance and variance inflation factor (VIF). The
results show that none of the variables violate the maximum variance inflation
factor (VIF > 7.5), meaning that there are no redundant variables.
Table 12. Summary of Multicollinearity
2015
Exotic

2005

Native

Exotic

Variables

1995

Native

Exotic

Native

VIF

DBH

1.13

1.21

1.13

1.37

1.22

1.30

DIST

1.10

1.18

1.11

1.20

1.14

1.20

EDU

2.46

2.41

2.62

2.56

2.31

2.19

INC

2.51

2.44

2.74

2.76

2.45

2.37

ZONE

1.17

1.15

1.13

2.17

1.16

1.09

BUILD

1.12

1.09

1.16

1.12

1.09

1.10

All of the models’ variables were significant at least 95% for spatial
autocorrelation with the global Moran’s I p-value < 0.10 for all variables in all
years. This demonstrates important underlying spatial processes, although
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spatially adjusted regressions should accommodate the impact of spatial
autocorrelation.
The Exploratory Regression Analysis also helped to identify the
variables that are consistently strong predictors. The Building variable’s overall
significance in all the years were not coherent, varying from 6.45 to 58.06% and
up to 100% in a few regressions of variable significance for both sources of
building age (the median age houses calculated based on the Department of
Finance - Real Property Assessment Database (RPAD) and the median built
age from the Census Bureau). Therefore, to improve the model performance,
the variables with building age were dropped from the model not only because
the low significance and distribution different from normal but also because they
caused severe model design errors to the OLS and GWR regressions with
inconsistent relationships across the study area. Consequently, for the legacy
effect, DBH was the only predictor.
Ordinary Least Square regressions were accomplished with summaries
in Table 13 to Table 18. For all years, the model´s performance was low and
dependent variables based on the adjusted R-Squared, but the Joint Wald
Statistic was significant for a 95 percent confidence level. The Joint Wald
Statistic determines overall model significance, based on the null hypothesis
that the exploratory variables in the models are not significant. Also, not all
explanatory variables were significant for all years.
A complicated relationship was observed for each regression. It is
important to acknowledge that the higher the health value the lower the health
condition and the higher the diversity index, the higher the number of different
trees species. Without exception, some of the relationships were positive and
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some were negative for the same variable across the regressions for exotic and
native trees.
The diameter at breast height had a positive relationship for health for all
years and origins (the higher the DBH the poorer the health condition), and for
the relationship for exotic populations was negative for diversity (the higher the
DBH the higher the diversity index), but positive for native trees (the higher the
DBH the lower the diversity index). Although the median DBH is lower for native
trees compared to exotic trees for all years, this opposite trend could suggest
that the older exotic population is more diverse, while the native tree population
has a higher diversity in younger populations.
The distance was positive for both native and exotic and health and
diversity regressions in 1995 and 2005, meaning the further away the trees from
shore, the lower the health and higher diversity. But for 2015, the relationship
was negative for exotic and native trees’ health conditions (the greater the
distance from shore, the healthier the tree) and positive for tree diversity. A
possible explanation for this change is that more trees have been planted in the
city, especially by new developments in areas near the water.
Income showed positive relationships in 2015 and 2005 for all the
variables, but in 1995 the relationships were negative except for native
diversity. The hypothesis for income is that the greater the income, the healthier
and more diverse the trees. These positive relationships for health indicate the
opposite of the luxury effect, but the income variable was not significant for 2005
and for the exotic and health regression for 2015.
Education also follows a complicated relationship. The hypothesis is that
with higher education, trees are healthier and more diverse. So, a negative
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relationship is expected for health and a positive coefficient for diversity
regressions. The relationships were negative for health for 2005 (native and
exotic) and 2015 (native) and positive for diversity for 1995 (exotic) and 2005
(native and exotic). Some of the variables were not significant for 1995 (exotic
trees health) and 2005 (exotic and native health). Therefore, overall the luxury
effect for both socio-economic variables was poorly explained by the ordinary
least square regressions.
Finally, the land use effect had a mostly positive relationship with both
health and diversity; residential areas have a higher amount of tree diversity
and with poorer health conditions. The exception is for 1995 (exotic) and 2015
(exotic), both statistically significant.
Again, none of the explanatory variables were redundant, showed by the
variance inflation factor (VIF).
The results showed a significant Jarque-Bera statistic for all the
regressions. The Jarque-Bera statistic null hypothesis is that the residuals are
normally distributed. Thus, the findings indicate a bias model with residuals not
normally distributed with strong heteroscedasticity, meaning that the model
performs differently depending on the magnitude of the value estimated.
The Koenker’s studentized Bruesch-Pagan statistic was also used to
access stationarity, testing if the exploratory variables have a consistent
relationship to the dependent variable in space (both geographic and data). The
results also show nonstationary variables (that change and therefore don’t
behave the same across the study area) with statistically significant Koenker’s
studentized Bruesch-Pagan statistic test with 95 percent confidence level for all
the regressions independently of the year, origin or dependent variable.
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Therefore, a Geographically Weighted Regression was used to improve model
predictions and better understand the local variation inherent to the explanatory
variables.
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Table 13. OLS – 1995 – Health
1995

Exotic - Health

Explanatory
Variables
Intercept
DBH
DIST
INC
EDU
ZONE

Coefficient
1.601808
0.027806
0.001888
-0.000001
0.000682
-0.001090

Multiple RSquared

0.147865

0.142648

Adjusted RSquared

0.145937

0.140549

Joint Wald
statistic
Koenker (BP)
Statistic

Robust
Probability
0.000000*
0.000000*
0.000000*
0.001702*
0.313895
0.03706*

Native - Health

VIF
--1.228560
1.170794
2.492929
2.285222
1.121288

Coefficient
1.441563
0.255330
0.001771
-0.000001
0.003898
-0.000109

Robust
Probability
0.000000*
0.000000*
0.000000*
0.000307*
0.000000*
0.077971

198.91835 0.000000**

152.998733 0.000000**

336.715972 0.000000**

517.32638 0.000000**

VIF
--1.396920
1.258643
2.639622
2.334978
1.039480

Jarque-Bera
Statistic
5751.759115 0.000000**
3080.713995 0.000000**
* An asterisk next to a number indicates a statistically significant p-value (p<0.01)
** Probability (>chi-squared), 5 degrees of freedom
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Table 14. OLS – 1995 – Diversity
1995

Exotic - Diversity
Robust
Probability
0.000000*
0.030943*
0.563630
0.900863
0.000000*
0.000000*

Native - Diversity

Explanatory
Variables
Intercept
DBH
DIST
INC
EDU
ZONE

Coefficient
1.066344
-0.006148
0.007560
-0.000000
0.044320
0.000333

Multiple RSquared

0.062888

0.191183

Adjusted RSquared

0.060768

0.189203

Joint Wald
statistic

122.447453 0.000000**

384.570212 0.000000**

Koenker (BP)
Statistic

262.428545 0.000000**

63.041257 0.000000**

VIF
--1.228560
1.170794
2.492929
2.285222
1.121288

Coefficient
0.846723
0.020021
0.002697
0.000004
-0.002068
0.000848

Robust
Probability
0.000000*
0.000000*
0.000000*
0.000000*
0.011680*
0.000000*

VIF
--1.393920
1.258643
2.639622
2.334978
1.039480

Jarque-Bera
Statistic
282.320548 0.000000**
236.665308 0.000000**
* An asterisk next to a number indicates a statistically significant p-value (p<0.01)
** Probability (>chi-squared), 5 degrees of freedom
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Table 15. OLS – 2005 – Health
2005

Exotic - Health

Explanatory
Variables
Intercept
DBH
DIST
INC
EDU
ZONE

Coefficient
1.661773
0.014690
0.001149
0.000000
-0.000650
0.000004

Multiple RSquared

0.063521

0.044392

Adjusted RSquared

0.061140

0.042230

Joint Wald
statistic
Koenker (BP)
Statistic

Robust
Probability
0.000000*
0.000000*
0.000106*
0.956496
0.353137
0.876585

Native - Health

VIF
--1.113500
1.108682
2.741800
2.548917
1.126494

Coefficient
1.610786
0.013127
0.000912
0.000000
-0.000121
0.000037

Robust
Probability
0.000000*
0.000002*
0.001790*
0.781360
0.886899
0.340706

70.835061 0.000000**

40.047146 0.000000**

276.117487 0.000000**

353.795568 0.000000**

VIF
--1.272287
1.198388
2.757249
2.537441
1.115628

Jarque-Bera
Statistic
5534.387047 0.000000**
5153.270125 0.000000**
* An asterisk next to a number indicates a statistically significant p-value (p<0.01)
** Probability (>chi-squared), 5 degrees of freedom
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Table 16. OLS – 2005 – Diversity
2005

Exotic - Diversity
Robust
Probability
0.000000*
0.094129
0.000000*
0.386364
0.001032*
0.000647*

Native - Diversity

Explanatory
Variables
Intercept
DBH
DIST
INC
EDU
ZONE

Coefficient
1.271301
-0.004336
0.000022
0.000001
0.003215
0.000291

Multiple RSquared

0.098315

0.279722

Adjusted RSquared

0.096275

0.278092

Joint Wald
statistic

178.507452 0.000000**

604.634907 0.000000**

Koenker (BP)
Statistic

182.884365 0.000000**

50.4444495 0.000000**

VIF
--1.113500
1.108682
2.741800
2.548917
1.126494

Coefficient
0.799002
0.029891
0.004168
0.000001
0.002155
0.001133

Robust
Probability
0.000000*
0.000000*
0.000000*
0.097113
0.040062*
0.000000*

VIF
--1.272287
1.198388
2.757249
2.537441
1.115628

Jarque-Bera
Statistic
691.392763 0.000000**
152.0424117 0.000000**
* An asterisk next to a number indicates a statistically significant p-value (p<0.01)
** Probability (>chi-squared), 5 degrees of freedom
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Table 17. OLS – 2015 – Health
2015

Exotic - Health

Native - Health
VIF
--1.096086
1.064485
2.403357

Coefficient
1.096148
0.007545
-0.000453
0.001309

Robust
Probability
0.000000*
0.000949*
0.021459*
0.008681*

2.340642
1.085017

-0.000001
0.000000

0.0273262* 2.334805
0.987829 1.080261

Explanatory
Variables
Intercept
DBH
DIST
INC

Coefficient
1.153856
0.002083
-0.000490
0.000000

Robust
Probability
0.000000*
0.400957
0.838943
0.468484

EDU
ZONE

0.001682
-0.000105

0.018956*
0.000485*

Multiple RSquared

0.022049

0.021157

Adjusted RSquared

0.019785

0.018891

Joint Wald
statistic
Koenker (BP)
Statistic

31.255305 0.000008**

21.640691 0.000613**

215.8237 0.000000**

311.812585 0.000000**

VIF
--1.156622
1.108896
2.375651

Jarque-Bera
Statistic
19406.1457 0.000000**
12966.48527 0.000000**
* An asterisk next to a number indicates a statistically significant p-value (p<0.01)
** Probability (>chi-squared), 5 degrees of freedom
84

Table 18. OLS – 2015 – Diversity
2015

Exotic - Diversity
Robust
Probability
0.000000*
0.209279
0.000000*
0.002800*
0.002233*
0.000005*

Native - Diversity

Explanatory
Variables
Intercept
DBH
DIST
INC
EDU
ZONE

Coefficient
1.740210
-0.005476
0.005251
0.000002
-0.003564
0.000665

Multiple RSquared

0.097380

0.160254

Adjusted RSquared

0.095239

0.158310

Joint Wald
statistic

190.654335 0.000000**

227.538448 0.000000**

Koenker (BP)
Statistic

174.005978 0.000000**

64.20753 0.000000**

VIF
--1.096086
1.064485
2.403357
2.340642
1.085017

Coefficient
1.491020
0.015560
0.003782
0.000002
-0.003627
0.001653

Robust
Probability
0.000000*
0.001054*
0.000000*
0.001366*
0.019849*
0.000000*

VIF
--1.156622
1.108896
2.375651
2.334805
1.080261

Jarque-Bera
Statistic
1033.513984 0.000000**
367.704631 0.000000**
* An asterisk next to a number indicates a statistically significant p-value (p<0.01)
** Probability (>chi-squared), 5 degrees of freedom
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Noting that the Koenker tests in all the OLS models were statistically
significant, indicating non-stationarity among the factors’ relationships, a
geographically weighted regression was selected to improve the regression
models. The equations for the geographically weighted regression that were
further implemented to investigate the geographic inequalities across New York
City for exotic and native street trees population can be expressed as:

µBiodiversity = β0(x1,x2) + β1(x1,x2)DBH + β2(x1,x2)DIST + β3(x1,x2)INC +
β4(x1,x2)EDU + (3) β5(x1,x2)ZONE + 𝜀𝑘

µHealth = β0(x1,x2) + β1(x1,x2)DBH + β2(x1,x2)DIST + β3(x1,x2)INC +
β4(x1,x2)EDU + β5(x1,x2)ZONE + 𝜀𝑘

(4)

Where µ is the dependent variable diversity or health status; βj are the
models coefficients; (x,y) is the coordinate location; DBH is the diameter at
breast height DBH is the diameter at breast height; DIST is distance from shore;
INC and EDU are respectively median income and higher education attainment;
ZONE is the residential zoning for the land use effect pattern; 𝜀𝑘 is the error
term.
A spatially adaptive kernel bandwidth and a corrected Akaike Information
Criterion (AICc) were selected for the geographically weighted regression. An
adaptive kernel bandwidth is allowed in denser areas, a smaller bandwidth, and
in less dense areas a bigger bandwidth, resulting in a better model calibration
where there is spatial variability (Brunsdon, et al, 2007).
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The results show that the condition number field for all regressions were
not greater than 30, indicating that the results are not unstable due local
multicollinearity. Since health is a categorical data type included in the model
with an increasing risk of local multicollinearity, the output showed that it did not
cause a problem in the models.
Nonetheless, for 2005 and 2015, when the dependent variable was
health, the adjusted R-squared of the models were much lower than when the
dependent variable was Diversity. This means that the independent variables
selected account for less of the variance observed for health, and are serving
as poor predictors.
Also, an urban environment creates a dynamic and complex interaction
between humans and the trees. One factor to consider is that the Street Tree
Census are taken at snapshots and trees with bad health are usually replaced,
and several trees with poor health are not identified by species. Another factor
is that the overall health calculated considered categorical predictors collected
also by non-specialist. The Street Tree Census in 1995 accounted for more
trees in bad health conditions with approximately 11.25%, while in 2005 this
percentage was 8.29%, and in 2015 5.98% (counting poor-health and dead
trees). In brief, overall health conditions increased in the last 20 years, and the
variation using health as the dependent variable diminished.
As for 1995 and 2005, native trees had a better model performance, with
the adjusted R-squared values being greater than for the exotic trees. In 2015
the exotic trees had a better performance, but with small differences (0.3058 vs.
0.2861 for health and 0.4932 vs. 0.4878 for diversity).
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For all years we can observe in that the model performs well in the
residuals maps, with the over- and under-predictions (represented in the maps
in blue and red color shades, respectively) reflecting random noise.
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Figure 6. GWR – 1995

Table 19. GWR – 1995 – Summary
1995
Dependent Variables
Neighbors

Exotic Trees
Health

Diversity

Native Trees
Health

Diversity

118

118

104

104

Residual Squares

150.4701

212.0374

138.7517

236.1569

Effective Number

340.0108

340.0108

354.8169

354.8169

0.2832

0.3361

0.2862

0.3734

916.5724

1676.6567

925.6678

2014.8146

R-Squared

0.5236

0.4817

0.5748

0.5545

R-Squared Adjusted

0.4375

0.3880

0.4860

0.4615

Sigma
AICc
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Figure 7. GWR – 2005
Table 20. GWR – 2005 – Summary
2005

Exotic Trees

Native Trees

Dependent
Variables
Neighbors

Health

Diversity

Health

Diversity

248

248

170

170

Residual Squares

192.1668

270.1325

187.7452

301.1289

Effective Number

170.6701

170.6701

245.3917

245.3917

0.3065

0.3634

0.3087

0.3909

1146.7975

1901.1076

1226.4644

2273.4194

R-Squared

0.2737

0.4266

0.3538

0.5539

R-Squared Adjusted

0.2135

0.3790

0.2737

0.5019

Sigma
AICc
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Figure 8. GWR – 2015
Table 21. GWR – 2015 – Summary
2015

Exotic Trees

Native Trees

Dependent
Variables
Neighbors

Health

Diversity

Health

Diversity

173

173

154

154

Residual Squares

109.4972

300.1125

79.8768

362.8497

Effective Number

240.6685

240.6685

267.3464

267.3464

Sigma

0.2385

0.3948

0.2051

0.4372

AICc

80.6514

2264.5380

553.1820

2725.0664

R-Squared

0.3827

0.5493

0.3651

0.5508

R-Squared Adjusted

0.3058

0.4932

0.2861

0.4878
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Discussion
Modeling

phenomena

allows

us

to

better

comprehend

them.

Understanding how trees respond to a stressful urban environment can help
policy makers and urban forest managers to make appropriate decisions.
Observing the changes by nesting the urban street trees within their origins
allowed some useful insights about exotic and native species.
Some trends in the three street trees Census could be perceived, in
frequency, dominance, and invasive species, as well as in their overall health
and diversity. Although the absolute number of street trees species had
decreased in New York City in the past 20 years, one should take into
consideration that the number of trees accounting for one or less than ten
individuals per species was nonexistent in 2015 Treee Census, with a
population decrease in dominance of few species, and in contrast the Shannon
Diversity Index, which increased in the past 20 years. There was also a notable
decrease of the number of exotic species compared to the native species along
the years, indicating an incentive to plant more native species. There was a
reduction of the number of invasive species individuals. Additionally, an
increase on overall health was also observed. These changes indicate improved
management and the possibility of higher resilience with less predominant trees.
The model used in the regressions demonstrated that species diversity,
not health status, was better predicted by the selected drivers for environmental
variation, luxury, legacy effects, and human activities.
Checking the patterns of diversity can help monitoring the stability of the
street tree population. The levels of street tree diversity indicate the vulnerability
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of abrupt changes in the environment (Sanders, 1981) and contribute to
resilience of the biological components of the system (Folje et al., 1996 apud
Kendal et al. 2012).
A complex distribution of tree diversity in the urban street trees is
something expected and seen in the results. And, as Sanders (1981, 38) stated,
“no simple relationships exist between the level of urbanization (land
development) and diversity of tree populations”.

5.1

Native and Exotic Trees
The design of this study nesting the tree populations in exotic and native

street trees aimed to contribute to the growing body of literature of urban forestry
practice and research that tends to either to favor native species rather than
introduced species, or balance both native and exotic species.
There is no doubt that urbanization can cause the isolation of plants’
native populations, losses of genetic vigor, and even extinction. To act against
this trend, programs such as the New York City Native Plant Conservation
Initiative have been created to enhance genetic variability and population
fitness. The Initiative can help assess the status of native plants in New York
City, and has created recommendations and protocols for restoring and
managing the native plant population. Nevertheless, the recommended street
trees species approved for planting in New York City contain more exotic
species (counting 23) than native species (counting 15). This demonstrates a
different approach by the Department of Parks and Recreation of the City of
New York in this matter. While there is trend to support higher diversity and
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preference for native trees species with arguments such as possible invasion
risks of exotics and a ‘superiority’ of native species, there is the opposite view
that argues for the inclusion of introduced species trees on urban street sites
(Sjöman et al., 2016).
Also, while there is a confusion between the terms ‘invasive’ and
‘introduced’ species, Sjöman et al. (2016) pointed out that, for example, the
black locust (Robinia pseudoacacia) was considered an invasive species by the
list of the State of New York and present at a higher concentration in Brooklyn
and Queens in the past 20 years. As seen in the results, this tree can be safe if
planted along streets in urban cores or parks. It acts only as invasive if planted
near susceptible habitats because of the limitation of its dispersal.
This contributes to the argument that selecting species suitable to endure
harsh environments such as street sites should consider tree adaptability and a
species’ ability to provide ecosystem services rather than based on a preference
for a particular origin. Still, when selecting exotic species, the risk of invasion
should be accounted for (Sjöman et al. 2016). This also means that one should
consider tree health and biodiversity of the population, aiming to decrease the
predominance of only a few species.
For example, a study with street trees in New York City, Kovacs et al.
(2013) found that the most cost-effective species for carbon sequestration is the
Platanus acerifolia, one of the most predominant tree species. In this study, they
also pointed out that the boroughs of Queens and Staten Island are more
suitable for planting trees because of a lower marginal carbon cost. This species
is a hybrid from two European species (Platanus occidentalis and Platanus
94

orientalis). Although Kovacs et al. (2013) proved that they are cost-effective
species since it tolerates tough conditions, the planting is no longer
recommended in Brooklyn and Queens due the Asian longhorned beetle
quarantine. A management decision that also accounted for the high dominance
that this exotic species have with 17.03%, 12.61%, and 11.08% in 1995, 2005
and 2015, respectively.
Most importantly, the challenge that prevails is to find balance between
the benefits of the exotic trees and at the same time prevent invasive species
(Sjöman et al., 2016), as well as to find species that can adapt to unfavorable
urban conditions. Species selection is a complex decision-making process, and
what is seen in most urban environments is geographical variation of urban
street trees’ patterns. This study in New York City follows this trend, and
although the regressions were only able to explain less than half of the variation
observed, it is possible to affirm that socioeconomic variables (education and
income), tree diameter, residential land use, and environmental variation
measured with distance to shore are variables that influence the different
patterns seen across the city. Most significantly, differences between exotic and
native species were observed. The results showed that for all years, native
street trees were healthier than exotic trees. And for 1995 the native population
was more diverse than the exotic population, while for 2005 and 2015 the
opposite was observed, but without statistical significance. Although native trees
were healthier, and perhaps this is an incentive to plant more native species, an
integration of both exotic and native species should be combined to secure
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sustainability in urban environments increasing resilience and fulfilling
ecosystem services (Sjöman et al. 2016).
It is well known that selection of species should be site-specific. Richards
(1983) called attention to the fact that selecting suitable tree species should be
a local process, and recommends caution when assigning trees adapted to and
tested in another place. Therefore, empirical work needs to be carried out so
that the right species are selected to endure all urban stressors, including
climate change.
Furthermore, the selection and adaptation of species should have a
regional and local approach. The drivers that create geographical variation are
also local. A better fit of a local regression (geographically weighted regression)
rather than a global regression (ordinary least square) in this study has proven
that a local regression is more appropriate to help explain the variation. This
statement agrees with Kendal et al. (2012) that concluded that different drivers
may have diverging performances in different cities. While his work in the city of
Ballarat, Australia discarded education variables due to redundancy with income
(Kendal et al. 2012), both income and education used in the regressions in this
study and were not redundant. Kendal et al. (2012) also used median built age
as an explanatory variable, while it served as a poor variable for the regression
in New York City. This study agrees with other studies that not only physical
factors affect trees diversity and health, but social factors are also important
drivers, as well as legacy and land use factors.
Certainly the goal of this study was not to delineate preferences between
native to exotic, but rather to contribute to the body of knowledge in the matter.
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The findings showed that those populations do not differ considering the
diversity criteria yet differ considering health, indicating that measures to
increase the health of the exotic tree population should be expanded.
Nevertheless, the results also proved that using a diversity index is a more
robust indicator rather than using the health criteria. The results also showed
that the responses from exotic and native population for the same drivers
derived different performances. This adds to the idea that drivers not only vary
per city (region), but also have a different influence for native and exotic street
trees species.

5.2

Considerations
In order to make inferences from the results, there are a few matters to

be discussed.
First, New York City is a unique city in many ways. The geography allows
a clear distinction of the Boroughs with a unique set. There are social, economic,
and physical differences varying across the five boroughs contributing to the
complicated differences seen in this study, despite a single municipal authority
rule over the urban street trees with similar management regimes in the five
Boroughs. In older neighborhoods in New York, there is a predominance of older
trees that can increase expenses for tree management and replacement
(Richards, 1983). On the other hand, all new buildings, major enlargements and
certain conversions are required to plant street trees since the Street Tree
Amendment of 2007 in New York City was sanctioned. Therefore, areas with
new building after 2007 would be expected to have a higher density of trees and
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this would be shown in the 2015 Street Tree Census. As seen in the results, the
variable building age (that should indicate a legacy effect), along with the
predominance of older trees in older neighborhoods, shows poorer tree health
and lower diversity in richer neighborhoods than that of younger trees planted
due to new building construction. Two different variables for building age were
considered, at first the median value calculated using the building age near each
tree, and then the median building age provided by the Census Bureau per
census tract. In either case, the variables proved to be a poor indicator of both
health and diversity, with a nonlinear relationship, and were dropped from the
model. The suggestion is that this nonlinear relationship indicates that several
new developments preserve the older street trees as for example in Figure 9,
10, and 11, which show new construction at 21st Street in Long Island City,
Queens, Riverdale Avenue in Bronx, and E 63rd Street in Manhattan.

Figure 9. Example of new construction and preserving old trees in Queens
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Figure 10. Example of new construction and preserving old trees in Bronx

Figure 11. Example of new construction and preserving old trees in Manhattan
Some other complications should also be discussed related to the Tree
Census datasets. Most importantly, the census is carried out not only by a
technical body, but by volunteers. This raises questions about the accuracy of
the data. Both species diversity and health status were derived from the Tree
Census datasets. Considering the tree species identification, it is easier to
identify trees at a genus level, but it can be more complex to identity species.
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Therefore, it is possible that some tree species are misidentified and the origin
was assigned incorrectly. The data collection is also a bigger concern for tree
health status, since it is based on categorical criteria that changed across the
tree census years. For 1995 and 2005 the user type was not identified, but in
2015 it was, and considering the combination of volunteer users and the missing
information about the user, it accounts for 281,225 trees (41.13%).
Furthermore, urban forest management involves activities such as tree
removal, tree replacement, care, and maintenance. This way trees are
considerably healthier than if left without management. In a tree census survey,
the nuances between the tree health between species is contributed to by
human activities. Trees are removed when they impact infrastructure, even if
they had previously provided benefits (North et al., 2015). Since management
is expensive, a geographic variation is usually expected not only based on
physical factors but also economic factors. A contribution to the variation
perceived across the census years can be a result on the “artificially” healthier
population created. To illustrate, the database created by the census prompts
actions to be taken by the city; for example, after the 1995 census identified
dead trees in New York City, around 10,000 trees were removed. The
percentage of dead trees also decreased from 1995 to 2005, and slightly
increases in 2015. There was an increase in the planting of new trees from 1995
to 2015. Hence, the factors used in the regressions contributed poorly to the
prediction of health. Another example of the possible contribution to the
differences seen during the years can be due changes in use of new chemicals
for snow, insect, or weed control that can disturb the urban street tree population
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(Sanders, 1981). The use of chemicals might be specific to control insects that
can cause harm to the trees. In 2006, in New York, more than 51,100 trees
received insecticide treatments as part of the eradication effort based on their
susceptibility to the Asian longhorned beetle (USDA 2006). Studies at a smaller
temporal scale such as Lu et al. (2010) are more indicated for assessing tree
health in the urban context. They studied the factors affecting street tree
mortality in New York City by considering the biological, social, and physical
urban context every two years from 2 to 9 years.
In addition, a model, by definition, simplifies the complexity of the world.
The conceptual model used in this study attempted to explain phenomena,
the inequality of overall health and diversity, using simple near relations with
ordinary least square and geographically weighted regressions, but both
regressions did not capture the complexity of the conceptual model,
suggesting that further work should test other regression models.
Moreover, there were factors not accounted for in the regressions since
they explained less than half of the variation observed, meaning that other
factors play a role in the tree health and diversity index. For instance,
considering the complexity of an urban environment, we can also benefit from
ecological perspectives to understand why native and exotic species are
behaving differently. Ana Maria Primavesi, a renowned agronomist with a
profound knowledge of ecology, emphasizes that native plants will only thrive
where the conditions are favorable to them, especially where the nutrients
available in the soil are present in the exact quantity they require (Knabben,
2016). Applying this logic to an urban environment, we can understand
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partially why the full potential of the trees has not been achieved. Urban street
trees are treated as plantations, but the deficiency of nutrients in their soil is
not usually addressed. Urban soil is usually highly disturbed and likely to be
contaminated and compacted, which might be impacting differently the native
and exotic species. Also, there is a high soil heterogeneity in New York City,
varying not only spatially but also temporally, with a direct effect on vegetation
(McPherson et al. 2010). Although the diameter of breast height and the
distance of the shore accounted indirectly for physical variation, this study did
not account for information on soil conditions. Since the soil is the base for
the growth and development of the plants, it might be one of the variables
missing in the regressions.
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Conclusion
Ecological studies in urban environments can aid urban planners, developers,
inhabitants, and policy makers to increase the sustainability of cities (Marzluff
2015). Contributing to the growing body of literature by observing how exotic
and native urban street trees have changed across the years was possible using
the methods employed by this study.
Above all, it was possible to observe that New York City Park policies
had positive impacts across the city in the past 20 years, with reduction in
species dominance, declines in the share of exotic species, and increases in
overall tree health.
The investigation provided some insights that inequities exist in terms of
health and diversity of street trees related to socioeconomic and environmental
variation, land use, and legacy factors. Native trees had better overall health
compared to the exotic trees species, and health increased over the years. The
Shannon Index also increased over the years, meaning that the evenness and
richness of the tree communities grew for both exotic and native species. And
diversity was higher for exotics in 2005 and 2015, although the difference
between exotic and native tree diversity was not statistically significant. Most
importantly, the spatial regression model using diversity as the dependent
variable had better performance for both native and exotic trees, suggesting that
factors that influence tree health and tree diversity differ. Considering that
modelling comes with some level of uncertainty, a complicated relationship
among the variables was observed across the years. In the ordinary least
square regressions, the legacy effect accounted for by Diameter at Breast
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Height (DBH) had an opposite trend for native and exotic populations across the
years, suggesting that the older exotic population is more diverse, while a
younger native population is more diverse. Environmental variation was tested
with tree distance from shore, showing a change in 2015 with healthier and
higher diversity observed near the water for both exotic and native populations,
indicating that New York City policies had resulted in new street trees’ being
planted by new developments near the shore. Socioeconomic factors accounted
for by education level and median household income followed a complicated
relationship. The luxury effect expected with greater income was the opposite
of what was expected for recent years, suggesting that the areas with higher
income (for example, Manhattan) are impacted by other factors that reduce
trees’ overall health. These high-income areas also had lower diversity,
suggesting homogeneity. The education variable was poorly explained in the
ordinary regressions. The land use effect had mostly a positive relationship with
few exceptions for both health and diversity, with residential areas with a higher
level of tree diversity and with poorer health conditions. The mixed relationship
among the variables was noted, indicating that exotic and native respond
differently to the drivers selected across the study area.
Finally, the approach used here could be applied in further works in other
locations to understand the assembly of exotic and native urban trees.
Nonetheless, some considerations should be taken in account. First, not all
cities have temporal tree census data from diversity and health information can
be derived, but high resolution remotely sensed data could be tested to identify
the tree species and their health status. This way the problems faced with data
104

relying in volunteer work could be avoided, as well as the costs of collecting the
tree census data. Second, a finer resolution could also be tested in future
studies at a census block level, where the trees’ features might not be relatively
diminished or smoothed in a larger area (Deng et al. 2015). Third, since the
species diversity was much more reliably predicted by the drivers used in the
regressions, it is the variable recommended by this study. Further, agreeing with
Kendal et al. (2012) and Danford et al. (2014), the drivers considered may vary
for different cities, according to the geographical characteristics, political and
cultural backgrounds, and changes occur over the years. Lastly, further work
could consider applying other statistical techniques, such as hierarchical
regression models to test different drivers, allowing the model to capture more
complicated relationships between the variables.
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